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Investigating The Effect Of Chemical Structure On The Physical Properties Of
Vapor-Deposited Organic And Inorganic Glasses
Abstract
The existence of nanometer-sized amorphous material (glasses) is ubiquitous and plays a crucial role in
the rapid growing technology community. Physical vapor deposition is commonly used to produce nanoscaled glasses, with the assumption that thin film properties will resemble those of the bulk. However,
intermolecular forces, air-material interface and deposition conditions can all affect the behavior of thin
glassy films. This thesis presents experimental findings and discussions on 50 nm to 3 um thick vapordeposited glasses, which aids the understanding of fundamental properties and future design for various
applications. Chapter 2 and 3 introduce a chemoselective approach to synthesize the tailored molecular
glassformers. With these molecules, physical properties of vapor-deposited glasses are studied via
spectroscopic ellipsometry. Using cooling rate-dependent Tg measurement, relaxation dynamics near Tg
is probed to evaluate the activation barrier for rearrangement. A simple linear relationship does not hold
between molecular weight and various physical properties. Surface-mediated equilibration (SME) allows
vapor-deposited glasses to overcome kinetic barriers and achieve low-energy, high density and kinetically
stable states. Many properties of these stable glasses resemble those of liquid-quenched glasses aged
over long periods of time. Chapter 4 systematically studies the correlation between chemical structure
and enhanced stability in vapor-deposited organic glasses. The frequently observed optical birefringence
in SME glasses often implies molecular alignment, analogous to those observed in liquid crystals.
Chapter 5 demonstrates that birefringence can be observed in an SME glass system with isotropically
oriented molecules. This result implies the accessibility to low-energy liquid states using physical vapor
deposition. As such, the robust nature of stable glass formation is established and helps elucidate the
mechanism of SME processes. The relaxation dynamics in supported polymer and organic molecular
films transition from liquid-like to glassy behavior for film thickness greater than 30nm. Chapter 6 uses
cooling rate-dependent Tg measurements to demonstrate that an inorganic network glass, amorphous
selenium, exhibits the same transition, but at a much larger thickness. This observation suggests a much
longer-range correlated dynamics in amorphous selenium than seen before. Chapter 7 extends the SME
stable glass formation to selenium. Preliminary findings here suggest the accessibility to the stable state
of amorphous selenium via vapor deposition. These results can help elucidate the origin of enhanced
dynamics in thin glasses, and also broaden the existing literatures on correlated dynamics in amorphous
thin films .
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ABSTRACT
INVESTIGATING THE EFFECT OF CHEMICAL STRUCTURE ON THE PHYSICAL
PROPERTIES OF VAPOR-DEPOSITED ORGANIC AND INORGANIC GLASSES
Tianyi Liu
Zahra Fakhraai
The existence of nanometer-sized amorphous material (glasses) is ubiquitous and plays a
crucial role in the rapid growing technology community. Physical vapor deposition is commonly used to produce nano-scaled glasses, with the assumption that thin film properties
will resemble those of the bulk. However, intermolecular forces, air-material interface and
deposition conditions can all affect the behavior of thin glassy films. This thesis presents
experimental findings and discussions on 50 nm to 3 µm thick vapor-deposited glasses,
which aids the understanding of fundamental properties and future design for various applications. Chapter 2 and 3 introduce a chemoselective approach to synthesize the tailored
molecular glassformers. With these molecules, physical properties of vapor-deposited glasses
are studied via spectroscopic ellipsometry. Using cooling rate-dependent Tg measurement,
relaxation dynamics near Tg is probed to evaluate the activation barrier for rearrangement.
A simple linear relationship does not hold between molecular weight and various physical
properties. Surface-mediated equilibration (SME) allows vapor-deposited glasses to overcome kinetic barriers and achieve low-energy, high density and kinetically stable states.
Many properties of these stable glasses resemble those of liquid-quenched glasses aged over
long periods of time. Chapter 4 systematically studies the correlation between chemical
structure and enhanced stability in vapor-deposited organic glasses. The frequently observed optical birefringence in SME glasses often implies molecular alignment, analogous
to those observed in liquid crystals. Chapter 5 demonstrates that birefringence can be observed in an SME glass system with isotropically oriented molecules. This result implies
the accessibility to low-energy liquid states using physical vapor deposition. As such, the

iv

robust nature of stable glass formation is established and helps elucidate the mechanism of
SME processes. The relaxation dynamics in supported polymer and organic molecular films
transition from liquid-like to glassy behavior for film thickness greater than 30nm. Chapter
6 uses cooling rate-dependent Tg measurements to demonstrate that an inorganic network
glass, amorphous selenium, exhibits the same transition, but at a much larger thickness.
This observation suggests a much longer-range correlated dynamics in amorphous selenium
than seen before. Chapter 7 extends the SME stable glass formation to selenium. Preliminary findings here suggest the accessibility to the stable state of amorphous selenium via
vapor deposition. These results can help elucidate the origin of enhanced dynamics in thin
glasses, and also broaden the existing literatures on correlated dynamics in amorphous thin
films .
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CHAPTER 1 : Introduction
1.1. Glass Formation
Glasses are amorphous solids that lack the long-range ordering of crystals. A common
way of production is by fast cooling a liquid to avoid crystallization. Since glasses lack
grain boundary and mechanically behave like solids, their existence is ubiquitous and
plays crucial roles in the rapid growing technology community.[7] Metallic glasses and
alloys are used commonly as corrosive resist material.[67] Amorphous inorganic silica is
the main component of optical fibres. Amorphous organic compounds are widely utilized in applications such as pharmaceutics,[65, 73, 222] resist materials for nanoimprint
lithography,[172, 129] and electronics.[190] Functional layers in electronic devices, such as
the hole-transport layers (HTL) in organic electroluminescent devices, are also made from
organic molecules/polymers to promote charge balance and prevent injected electrons from
escaping.[172, 216]
Many of these applications rely heavily on the chemical and physical properties of glasses.
When making glasses into nano-scaled, they also behave very differently from the bulk.
In this chapter, I will first introduce the formation, general thermodynamic and kinetic
properties of glasses. Then I will discuss the existence of a free surface on top of the glass
and its effect on the properties of thin glassy films. Lastly, I will introduce stable glass
formation utilizing surface-mediated-equilibration and its unique properties.
1.1.1. Thermodynamics of Glasses-Non-Equilibrium
Figure 1 is a schematic diagram of a liquid’s enthalpy (or entropy, specific volume) changes
as a function of temperature under constant pressure. When cooling a liquid slowly to the
system’s melting point (Tm ), a first-order transition happens such that the liquid falls outof-equilibrium and from a new equilibrium, crystal. However, if the liquid is cooled at a fast
rate, nucleation and crystallization can be avoided and the liquid will form a metastable
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super-cooled liquid (SCL) at temperatures just below Tm . Upon further decreasing the
temperature, the motions of molecules slow down drastically and eventually become too
slow to maintain in a metastable state. When the time allowed for molecular rearrangement
is slower than the rate of cooling, the system will fall out-of-equilibrium and form a glass.
Since the transition from SCL to glass is narrow, the characteristic temperature at which the
glass transition happens is denoted as Tg defined by the intersection of extrapolated liquid
line and linear fits to the glass regime. Since the final properties of glass depends on the
rate of cooling, conventional Tg for a glass is defined at a cooling rate of 10 K/min. At this
conventional Tg , the molecular relaxation time is approximately 100 seconds, and viscosity
becomes of the order of 1012 Pa·s. Using a slower cooling rate allows a longer time for the
molecules to reconfigure in the SCL state before falling out-of-equilibrium. As a result, Tg
of the glass decreases as the cooling rate slows. The relationship between the cooling rate
and the glass Tg depends on the fragility (or activation barrier for rearrangement), which
will be discussed in the next section.
Since glasses are non-equilibrium structures, at temperatures lower than Tg , their properties
such as density and enthalpy slowly move towards the equilibrium SCL. Fictive temperaure
(Tf ) of a glass is defined as a temperature where the non-equilibrium glass and extrapolated
equilibrium SCL share the same specific volume, enthalpy or entropy. During aging, the
glass becomes more stable as the Tf of a glass lowers and density increases. A schematic
diagram demonstrating aging is shown in Figure 1, where Tf2 (orange) and Tf3 (yellow)
indicates the fictive temperature of a resulting glass after aging for different times. Physical
aging is a slow process. Experiments on hundreds of millions-year-old ambers show density
increase around 2%,[230, 139] where crystal is typically 4% higher in density compared to
its glass counterparts.
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Figure 1: Temperature dependence of a liquid’s enthalpy (H) entropy (S) or specific volume
(V). Tm is the liquid’s melting point. Fictive temperature of each glass is denoted as Tf1 ,
Tf2 and Tf3 . Using a slower cooling rate or longer aging time, the position of the glass
line can be lowered on this energy diagram and results in a lower Tf . The temperature
corresponds to the intersection of crystal line and extrapolated liquid line is the Kauzmann
temperature, Tk .
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1.1.2. Kauzmann Entropy Crisis
According to the statistic-mechanical definition of entropy (equation 1.1), entropy cannot
be negative.

S(N, V, E) = kB lnΩ

(1.1)

Where kB is the Boltzmann’s constant, Ω is the number of accessible quantum states for
this N -particle system, V is volume and E is a fixed energy. Because Ω is always greater
than or equals to 1, the entropy S can never be negative.
At melting temperature, the entropy of a liquid is higher than that of its crystal (Figure
1). As the liquid cools, the difference in entropy between the super-cooled liquid and the
corresponding crystal decreases. If glass transition does not happen during cooling, at some
non-zero temperature Tk where the extrapolated liquid line intersect with the crystal line,
the entropy of a super-cooled liquid will equal to that of the crystal (Figure 1). Because
the entropy of a perfect crystal may reach zero when temperature slowly decreased to 0 K,
further cooling below Tk will result in a negative entropy of the liquid in this scenario. Tk
is called the Kauzmann temperature and this paradoxical phenomenon is a violation of the
third law of thermodynamics, denoted as the Kauzmann entropy crisis.[87]
Adam-Gibbs relationship [2] (equation 1.2) predicts that the viscous slow-down near glass
transition temperature is due to the reduction of the number of sampling configurations.
According to Adam-Gibbs theory, liquid at Tk would obtain a lowest energy, non-crystalline
packing, ideal glass.
τ = Aexp(

B
sc )
T

(1.2)

Where τ is the relaxation time, sc is the configurational entropy, A and B are constants.
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1.2. Temperature Dependence of Relaxation Time near Tg , Dynamic Fragility
Kauzmann entropy crisis in reality is often avoided by a kinetic slow-down of the molecules
constituting a liquid, yielding a glass transition. From this kinetic-trapping interpretation,
Tg is defined as the temperature where the system’s viscosity reaches 1012 Pa·s (or relaxation
time reaches around 100 seconds). Figure 2 shows the two types of viscosity-change as the
temperature approaches Tg from above. Super-cooled liquid can be categorized into two
types, strong and fragile, according to Angell’s proposal.[7]

Figure 2: Strong liquids exhibit approximate linearity (Arrhenius behaviour), indicative of a
temperature-independent activation energy E = dlnη/d(1/T) approximately const. Fragile
liquids exhibit super-Arrhenius behaviour, their effective activation energy increasing as
temperature decreases. Reprinted by permission from Macmillan Publishers Ltd: Nature,
P. G. Debenedetti and F. H. Stillinger. Supercooled liquids and the glass transition. Nature,
410(6825):259-67, March 2001. Copyright 2001.
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The viscosity and relaxation time of strong glass formers, such as inorganic network structures SiO2 and GeO2 , show Arrhenius dependences on temperature. The viscosity and
relaxation time for fragile glass formers, such as o-terphenyl and many organic molecules,
on the other hand exhibits deviation from the Arrhenius temperature dependence.
The fragility index (m) is mathematically defined as the slope of log(viscosity) or log(relaxation
time) vs. 1/Temperature, as shown in equation 1.3.

lim m =

T →Tg

dlog(τ )
T

d( Tg )

(1.3)

For strong liquid, the fragility index m is smaller than the fragile liquid. This also indicates
that for every few degrees of temperature decrease to around Tg , the change in viscosity is
more rapid in fragile glass formers.
Equivalent to fragility multiply by Tg , activation energy for rearrangement (Ea) is an
interpretation to describe the temperature dependence of relaxation time (or viscosity) near
Tg . For strong glasses, Arrhenius relationship τ = Aexp( kEa
) where Ea is the apparent
BT
activation energy, kB is the Boltzmann’s constant, usually describes the dependence well.
The relaxation dynamics of fragile glass over several orders of magnitude, which exhibit
a deviation from Arrhenius relation, can be described by Vogel-Tammann-Fulcher (VFT)
equation, τ = Aexp( kB (TEa−T0 ) ).[45]
Many theories have constructed explanations to different aspects of the glass transition and
the dynamical slow down around Tg . One important characteristic of glass transition is
the dynamical heterogeneity.[43, 153] Since glass transition is not a first-order phase transition, the first derivative of the free energy is continuous. During this transition, the system
of interest is able to maintain an intermediate state where the fast liquid dynamics and
slow glassy dynamics coexists. Free volume theory [27] describes the motion of molecules
transport into voids created by the redistribution of free volume in the system. This theory
predicts the dynamic slow-down near Tg is due to the reduced free volume. The VFT tem-
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perature dependence of viscosity can be reconstructed from free volume theory, however,
it is unable to predict dynamical heterogeneity in the system or describe glass transition
happened at constant volume.[43] Mode coupling theory [83] successfully predicts relaxation
function that contains different dynamical regimes, but it lacks connection to the molecular motions in a system. Adam-Gibbs theory [2] is built on the concept of cooperatively
rearrange region, but is unable to predict the size of such regions in experimental systems.
Despite many years of experimental and theoretical studies on glass transition, the exact
mechanism still remains unclear. Many of these studies focus on one or two length-scale of
correlated dynamics in glassy systems, and are unable to reveal information about dynamical heterogeneity during glass transition. One effective way to study the length-scale is by
reducing the size (thickness) of the glass to a degree comparable to the system’s characteristic length-scale. Moreover, as the current technology utilizing glassy materials trending
towards nano-scale, understanding the property of glasses when fabricating into nano-scale
become very important.

1.3. Enhanced Thin Glassy Film Dynamics
When making glasses into nano-scaled, their properties become very different than those
of the bulk and many of these property-changes are associated with the existence of a free
surface. Theory and experiments on polymeric and organic molecular glasses have shown
that there exists a free surface whose relaxation time is orders of magnitude faster than
that of the bulk. The relaxation time at the free surface of polymeric films is characterized
by many techniques.[158, 51, 149] Dewetting,[228] surface grating decay[232, 21, 226, 160]
and other measures of surface mobility [35, 227] have attest the mobile surface on top of
organic molecular glass, which is 6-8 orders of magnitude faster than that of the bulk around
Tg . The free-surface effect on the enhanced dynamics in ultra-thin films has long been a
subject of interest both from a fundamental scientific view[49, 51, 135, 46] and an industrial
insight.[202] When thickness of the film decreases, the free-surface effects become more
dominant, and thus the film’s property diverges from that of the bulk more significantly.
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Early work by Keddie, Jones and Cory show that as the thickness of a supported polystyrene
glass decreases to below 60 nm, the overall glass transition temperature also decreases
which signifies an enhanced average dynamics.[94] Such enhanced thin film dynamics is
not only seen for polymeric systems. When making organic glasses, ortho-terphenyl or
benzyl alcohol, into nano pores, as the pore diameter size decreases, the glass transition
temperature also decreases.[84] Later theoretical works [130, 200, 169] and experiments
[94, 146, 52, 212, 147, 62] have shown that the thin film average dynamics, glass transition
temperature and mechanical moduli[177, 131] can all change significantly compared to those
properties of the bulk.
1.3.1. Length-Scale of Correlated Dynamics
Experiments measuring the glass transition temperature of polymeric systems generally
show that the Tg remains unchanged for films with thicknesses higher than 100 nm.[52, 62,
61] Supported polystyrene films show a decrease in Tg once the thickness gets below 60
nm.[56, 57, 168, 50, 49, 193, 200, 130, 62] Due to the convolution between molecular weight,
chain entanglement and measured Tg change in polymeric system, confinement effect on
polymeric films cannot be directly translate to molecular and atomic glass systems. Few
studies focused on enhanced dynamics of small organic molecular thin films.[151, 22, 228]
Tg and fragility of supported organic molecular film also decreases sharply at thicknesses
below 40 nm.[228]
Using the apparent activation energy for rearrangement (Ea) as a measure of average
film dynamics, Figure 3 shows a comparison between the thickness-dependence of Ea for
polystyrene and small organic molecular N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine
(TPD) glasses. At thickness above 100 nm, both systems reach a bulk-like glassy Ea.
TPD bulk Ea is lower than polystyrene because it is a less fragile glass former. Upon decreasing the film thickness, both polystyrene[52, 62, 61] and organic molecular films[228]
interestingly show the mid-point of transition from bulk to liquid-like at around 30nm. At
thin-film region (h <30nm), TPD shows a very low Ea because of a repulsive substrate.
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When changing to a more attractive substrate, the Ea for thin film TPD (h <30 nm) have
values around 200 kJ/mol similar to polystyrene. That is, regardless of the constituents
in the above-mentioned films, the interfaces and bulk glass together facilitate the average
dynamics within the film at a relatively large length-scale of 30 nm. These examples show
that the length-scale of correlated dynamics is more associated with the glassy behavior,
rather than depend on chemistry or fragility.
Whether the enhanced dynamics in thin films and if this 30 nm dynamical length-scale
is universal remain as critical questions and are crucial in explaining the dynamical heterogeneity in glasses. The similar length-scale in polymeric and organic molecular glasses
precedents gives us an incentive to explore such property for another category of glass former. Unlike organic molecular glass formers, whose the major intermoleular forces are weak
Van der Waals interactions, Se atoms are covalently bonded to each other form ring and
chains of random lengths. To examine these correlated dynamics in inorganic system, we
study and show details of the enhanced dynamics in thin film amorphous selenium (a-Se)
in Chapter 6.
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Figure 3: The activation barrier for rearrangement (Ea) of polystyrene film (grey) and TPD
molecular glassy films (green) with various thicknesses. Thicknesses range between 5 nm
to 300 nm. The mid-points of glassy to liquid transition for both systems are around 30
nm. Data adapted from Ref. 62 and Ref. 228. Reprinted from Ethan C Glor and Zahra
Fakhraai. Facilitation of interfacial dynamics in entangled polymer films. The Journal of
chemical physics, 141(19):194505, nov 2014. with the permission of AIP Publishing and
Yue Zhang, Ethan C. Glor, Mu Li, Tianyi Liu, Kareem Wahid, William Zhang, Robert A.
Riggleman, and Zahra Fakhraai. Long-range correlated dynamics in ultra- thin molecular
glass films. J. Chem. Phys., 145(11):114502, 2016. with the permission of AIP Publishing

1.4. Discovery of Stable Glass
The fast relaxation at the film surface often presents challenges in industrial fabrications,[202]
such as the fast crystal growth in the glass phase [182, 134, 47] and dewetting during nanopatterning.[191, 86] Since very thin layers of glass may possess relaxation time comparable to
the liquid relaxation time, it has been suggested that surface-mediated equilibration (SME)
during physical vapor deposition (PVD) provides a route to overcome kinetic barriers for
rearrangement, and achieve low-energy stable glasses (SG) within hours.
During vapor deposition, molecules at the free surface may be able to adopt more stable
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conformations before being buried by the incoming flux of molecules. Deposition rate and
the substrate temperature (Tdep ) are the two most important parameters that control properties of PVD glasses.[31, 92, 88, 53] The deposition rate dictates the time spent at the free
surface during which each layer of molecules can rearrange.[26] The deposition temperature
(Tdep ) affects the relaxation time at the free surface and the energy difference between glass
and equilibrium super-cooled liquid (SCL) states. Glasses with various degrees of stability
can be prepared by modifying these deposition parameters (Figure 4). [31, 92, 53, 4] In
Figure 4B, faster deposition rate results in less stable glasses due to the shorter time allowed
for molecular reconfiguration.
1.4.1. Importance
Unlike their crystalline counterparts, glasses in general lack thermal and kinetic stability
due to their non-equilibrium nature.[100, 231, 173] However, SME stable glasses (SG) show
many remarkable characteristics, such as low enthalpy, [92, 88] low heat capacity [103, 93]
(Figure 4) and high density. These properties imply that SGs are in the near-equilibrium
states at temperatures well below Tg . Other properties, including transformation growth
fronts [187, 188] and the suppression of tunneling two-level systems, [139, 44] even resemble
properties of crystals, suggesting that SGs are well-packed structures.
In general, crystal is around 4% denser than its corresponding liquid-quenched glass. Organic SGs studied to date can show a maximum increased density around 1.5%,[32, 109] with
a fictive temperature (Tf ) as low as Tg -40 K. Compared with the liquid-quenched glasses,
SGs possess much lower position on the energy landscape. Solely achieving SG-level of stability by aging would require a laboratory inaccessible time scale. In the previous section,
the Kauzmann entropy crisis presents a critical question as the temperature of a supercooled liquid is approaching Tk . It has been impossible to perform experiments on deeply
super-cooled liquid to examine behavior near Tk . For the fictive temperature of a liquidquenched glassy state to proceed towards Tk , thousands of years of aging would only reach
halfway. Due to these experimental constraints, Kauzmann entropy crisis remains as an
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Figure 4: (A)Heat capacity curves observed for vapor-deposited TNB. Tsubstrate was 295 K
(0.85 Tg ) for each deposition. Depositions were performed at the rates of 5 nm/s (red), 1.2
nm/s (green), and 0.15 nm/s (blue). The ordinary glass scan is obtained on a sample cooled
from the liquid at approximately 40 K/min. Inset: Structure of TNB. (B) Enthalpy obtained
from integrating Cp curves in part A. The color of the lines shown in part A corresponds to
the curves shown in part B. The temperature at which the extrapolated liquid line (dashed)
intersects the enthalpy of the vapor-deposited curves defines Tf as indicated by the dotted
vertical lines.Reprinted with permission from K L Kearns, S F Swallen, M D Ediger, T
Wu, Y Sun, and L Yu. Hiking down the energy landscape: Progress toward the Kauzmann
temperature via vapor deposition. Journal of Physical Chemistry B, 112:4934-4942, 2008.
Copyright (2008) American Chemical Society.
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unsolved fundamental question.
Some solutions to the Kauzmann entropy crisis are proposed as illustrated in Figure 5
adapted from Ref. 88. According to Adam and Gibbs theory, a second order transition
may happen close to Tk and produce an ideal glass represented by Curve A in Figure 5.
If there exists a liquid to liquid phase transition as described in Curve B in Figure 5, a
first order phase transition between Tk and Tg can happen. Alternatively, Curve C shows
that without any phase transition, Kauzmann entropy crisis can also be avoided in some
two-state models. Understanding which transition accounts for the avoidance of entropy
crisis near Tk is crucial in determining the low-temperature liquid dynamics and gaining
insights into the mechanical and dynamical properties change during phase transition.
Prior to the discovery of SG, it has been experimentally impossible to probe a glassy system
with due to the relaxation time of molecules in such system approaching inaccessible laboratory time scales at low temperature. The discovery of SME stable glasses introduces the
possibility to study glassy structure that reside at low energy level on the energy landscape.
In addition to gaining fundamental knowledge of low-temperature liquid, the exceptional
properties make SGs excellent candidates for applications in pharmaceuticals,[73] organic
electronics,[90] nanoimprint lithography and tip-based nanomanucturing.[129]
1.4.2. Intrinsic Birefringence
Since the initial discovery of stable glasses,[184] there have been numerous discussions regarding their true nature and whether they share the same potential energy landscape accessible to aged liquid-quenched glasses. These discussions have become more intense lately,
mostly due to various studies that show optical birefringence in these systems. Birefringence is quantified as the difference in indices of refraction along different light propagating
direction. In SGs, birefringence always been interpreted as the difference between index of
refraction in-plane and out-of-plane, with respect to the polarization of the electric field.
Although most properties of stable glasses (SGs) resemble those of aged glasses, the emer-
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Figure 5: Schematic representation of the Kauzmann entropy crisis and some potential
resolutions. The solid black lines designate regions that are currently accessible with experiments, with the vertical dashed arrows indicating the Kauzmann temperature Tk , the
glass transition temperature Tg , and the melting temperature Tm . Curve A (blue, dashdot) illustrates the entropy of the supercooled liquid extrapolated to low temperature with
a transition to an ideal glass at Tk . Curve B (red, dotted) shows a possible first-order
phase transition, and curve C (green, dashed) illustrates a possible resolution without a
phase transition. Reprinted with permission from K L Kearns, S F Swallen, M D Ediger,
T Wu, Y Sun, and L Yu. Hiking down the energy landscape: Progress toward the Kauzmann temperature via vapor deposition. Journal of Physical Chemistry B, 112:4934-4942,
2008. Copyright (2008) American Chemical Society.
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gence of birefringence at low deposition temperatures (Tdep < 0.9Tg ) [104, 215, 216, 214,
133, 34, 63, 85] implies significant differences between their packing arrangements. The
birefringence in SGs made of long molecules with large aspect ratio has been interpreted as
a sign of preferential molecular orientation, similar to those observed liquid-crystals. [34, 63]
Thus, this interpretation implies that stable glasses are unable to reveal fundamental properties of glasses and deeply super-cooled liquids, because they may have distinctly different
energy landscape due to molecular orientation.
However, SGs made of smaller and more isotropic molecules still show birefringence [91,
30, 32, 110]. Measures of structure using wide angle x-ray scattering [40, 36, 137, 69] also
show difference between the in-plane and out-of-plane pair correlation functions. These
anisotropic structural factors cannot simply be explained by molecular orientation alone.
Therefore, it is crucial to question whether molecular ordering is required in producing
stable molecular glasses, and whether other structural properties, such as layered-packings
[174], can also play a role in the observed optical birefringence in stable molecular glasses.
Understanding the packing in these stable-glass systems may be relevant in fundamental
studies of glasses. In Chapter 5, I will discuss experimental tests to distinguish the effects
of molecular orientation vs layering on birefringence in a stable glass system, including
synthesizing a molecule specifically for this task.

1.5. Summary
In this dissertation thesis, I will discuss my graduate work on investigating the effect of
chemical structure on the physical property of organic and inorganic glasses. These physical properties include, thermal and kinetic stability, glass transition temperature, thermal
expansion coefficient, correlated dynamical length-scale and optical anisotropy.
Two methods, liquid-quenching and physical vapor deposition, are used to produce glasses
of each category. The thickness, density change, and optical constants of amorphous films
are measured via spectroscopic ellipsometry. Stability of glasses are examined by dilatom-
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etry measurements. The glassy dynamics near Tg is probed by cooling rate-dependent Tg
measurements.
In Chapter 2 and 3, a series of organic molecular analogues are produced into liquidquenched glasses. The effect of molecular weight, intermolecular interaction and molecular
shape on the above mentioned physical property is studied. The Tg and fragility of resulting
glasses are also compared with theoretical predictions. Chapter 4 investigates the influence
on the stability of stable glasses by changing the chemistry of molecular stable glass former.
Chapter 5 studies the birefringence and its correlation to anisotropic packing geometry in a
model stable glass system. Chapter 6 and 7 discuss the correlation length-scale and stable
glass formation in an inorganic glass former, selenium.
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CHAPTER 2 : Role of Chemical Structure in Physical Properties of Bulk Glasses
Reproduced from Ref. 107 with permission from The Royal Society of Chemistry.

2.1. Abstract
In this chapter, we report the synthesis and characterization of an analogous series of
small organic molecules derived from a well-known glass former, 1,3-bis(1-naphthyl),5-(2naphthyl)benzene (α, α, β-TNB). Synthesized molecules include α, α, β-TNB, 3,5-di(naphthalen1-yl)-1-phenylbenzene (α, α-P), 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene (α, α-A), 9,9’(5-(naphthalen-2-yl)-1,3-phenylene)dianthracene (β-AA) and 3,3’,5,5’-tetra(naphthalen-1yl)-1,1’-biphenyl (α, α, α, α-TNBP). The design of molecules was based on increasing molecular weight with varied π-π interactions in one or more substituents. The synthesis is based
on Suzuki cross-coupling of 1-bromo-3-chloro-5-iodobenzene with arylboronic acids, which
allows attachment of various substituents to tailor the chemical structure. The bulk compounds were characterized using NMR spectroscopy and differential scanning calorimetry
(DSC). Thin films of these compounds were produced using physical vapor deposition and
were subsequently annealed above the glass transition temperatures (Tg ). For each molecular glass, cooling rate-dependent glass transition temperature measurements (CR-Tg ) were
performed using ellipsometry as a high-throughput method to characterize thin film properties. CR-Tg allows rapid characterization of glassy properties, such as Tg , apparent thermal
expansion coefficients, apparent activation energy at Tg and fragility. DSC measurements
confirmed the general trend that increasing molecular weight leads to increasing melting
point (Tm ) and Tg . Furthermore, CR-Tg provided evidence that the introduction of stronger
π-interacting substituents in the chosen set of structural analogues increases fragility and
decreases the ability to form glasses, such that β-AA has the largest fragility and highest
tendency to crystallize among all the compounds. These strong interactions also significantly elevate Tg and promote more harmonic intermolecular potentials, as observed by
decreasing value of the apparent thermal expansion coefficient.
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2.2. Introduction
Amorphous organic compounds have important applications in pharmaceutics,[65, 73, 222]
resist materials for nanoimprint lithography,[172, 129] and organic electronics.[190, 173, 172]
Despite these and many other potential uses, a major limitation to their wide-spread utilization is the low stability.[65, 129, 163] Unlike inorganic materials or polymers, the properties of organic materials are only controlled by weak intermolecular interactions. The
lack of strong intermolecular networks or chain connectivity makes it challenging to produce organic glasses with high kinetic and thermal stability. The instability of organic
glasses may be caused by dewetting,[202] aging,[171, 155, 120] and crystallization in the
glass phase (GC crystallization).[182, 134, 47] Many factors have been shown to affect the
stability of a glass including nucleation time,[182, 221] fragility,[65, 142] and aging rate[183]
at the application temperature. Specifically in GC crystal growth, diffusion coefficient
and relaxation times in the amorphous state are two influential parameters.[7, 127, 185]
One approach to elevate thermal stability, and to suppress aging and GC crystal growth
rate of organic glasses is to increase their glass transition temperature, Tg , relative to
the operating temperature (often close to room temperature).[100] Variations in molecular architectures, such as chemical compositions,[78] molecular weights and symmetries[81]
are all tunable parameters to tailor Tg and other physical properties of glassy materials.
Few studies have systematically investigated the connection between chemical structure
of an organic molecule and its ability to form ”good glasses” with high thermodynamic,
kinetic stability and resistance to crystalization.[7, 150, 143, 38] While increased molecularlevel interactions, such as hydrogen bonding[6, 101] and π-π interactions can potentially
increase the Tg value of a glass-former, they may also enhance the nucleation and crystallization rates.

As such, the relationship between chemical structure and properties

of organic glasses remains complicated and poorly understood. To better map the relationship between chemical structure and material’s properties would require systematic
studies using high-throughput synthesis and characterization methods. Furthermore, since
glasses are generally used in nanoscale length scales, it is also important to study the in18

Figure 6: Five molecules used in this study. Color-coding indicates the varied substituents.
fluence of molecular level interactions on physical properties, such as mobility at the free
surface,[35] confinement effects, surface diffusion[187, 233] and the ability to form stable
glasses.[184] Herein, we chose tris-naphthylbenzene (TNB) as a frame of reference to synthesize structural analogues for systematic studies of glass properties. TNB, an organic
molecule that only contains conjugated π moieties, has been extensively studied and shown
to be a good glass-former.[184, 36, 32, 165] In this study, we introduce straightforward
and high yielding methods to synthesize an analogous series of TNB-like molecules. These
molecules include α, α, β-TNB and four new compounds in the family: 3,5-di(naphthalen1-yl)-1-phenylbenzene (α, α-P), 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene (α, α-A), 9,9’(5-(naphthalen-2-yl)-1,3-phenylene)dianthracene (β-AA) and 3,3’,5,5’-tetra(naphthalen-1yl)-1,1’-biphenyl (α, α, α, α-TNBP) (Figure 6). These molecules were designed based on
increasing molecular weight and the size of conjugated π substituents.

19

The synthesized compounds were characterized using NMR spectroscopy and differential
scanning calorimetry (DSC). The compounds were then vapor deposited to produce thin
films in an ultra-high vacuum chamber for high-throughput characterization using coolingrate dependent glass transition temperature (CR-Tg ) measurements by ellipsometry. Ellipsometry is often used to measure film thickness as well as other material properties such
as the index of refraction and birefringence.[214, 217, 219] Measurements of thickness as a
function of temperature can be used to evaluate Tg and the expansion coefficients. Prior
studies have demonstrated the advantages of CR-Tg in reliably estimating the apparent
activation barrier close to Tg and the apparent fragility of thin polymer films as a function
of film thickness.[120, 225, 113, 52, 62, 13, 167] Although CR-Tg may not be as precise as
calorimetry, rheology or other bulk thermodynamic and mechanical measurement, it provides a unique opportunity to perform high-throughput measurements on the properties
of these tailored molecular glasses as a function of substituents. This method can also be
applied as a preliminary screen of a wide range of glass-formers with minimal synthesized
material. Once molecules of interest have been identified, additional in-depth studies on
the physical properties can be performed with more precise techniques. In this study, DSC
measurements showed that both Tm and Tg increased monotonically with increasing molecular weight for compounds containing phenyl and naphthyl substituents. Interestingly, the
molecules containing anthracyl substituents showed stronger increase in both Tm and Tg
as a function of molecular weight. Thermal expansion coefficient and CR-Tg measured by
ellipsometry showed that increased π interactions can decrease the anharmonicity of intermolecular potential, as observed by decreasing value of the expansion coefficient, increase
fragility and decrease the ability of the compound to form glasses. The compound with the
strongest π interactions, β-AA, has the highest fragility and crystallized rapidly around Tg
at low cooling rates. The critical cooling rate, the cooling rate below which a super-cooled
equilibrium phase cannot be achieved, is often used to infer the tendency of a compound to
crystallize. The higher the rate of cooling required to super-cool, the higher the tendency
to crystalize.[198] The critical cooling rate of β-AA glass was measured to be greater than
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10 K/min, while for other compounds it is lower than 1 K/min. These studies highlight
the important role of molecular level interactions in dictating the properties of amorphous
materials.

2.3. Experimental Methods
2.3.1. Synthesis of α, α, β-TNB and its structural analogues
1-Bromo-3-chloro-5-iodobenzene was synthesized from aniline following the procedure outlined in Gilbert and Martin.[60] The material was prepared by students at the University of
Pennsylvania enrolled in the Introductory Organic Chemistry Laboratory (Chemistry 245).
The trihalobenzene was further purified. The syntheses are described in the flow-chart
shown in Figure 7. The advantage of using trihalobenzene is that each of the three halogens has different reactivity toward palladium catalysts. Ligands for palladium catalyzed
Suzuki reactions were chosen to maximize chemoselectivity in reactions at the C-halogen
bonds.[118] 1H NMR and 13C{1H} NMR spectra were obtained on a Bruker AM-500 Fourier
transform NMR spectrometer at 500 and 125 MHz, respectively.
2.3.2. Differential Scanning Calorimetry (DSC)
DSC was performed on purified compounds using a TA Q2000 DSC instrument (Thermal
Instruments). Indium melting point test was done before all measurements to calibrate the
DSC. For each run, 5-10 mg of each compound was placed in hermetically sealed aluminum
pans (Tzero pans and lids, TA Instruments). The pans were cooled to 273K, ramped at 10
K/min to 623 K and cooled back to 273 K with the same cooling rate. All glass transition
temperatures (Tg ) were measured upon cooling. The melting points (Tm ) were determined
upon heating. Figure 8 shows the heat capacity data for each compound in the temperature
range around their Tg (Figure 8a) and Tm (Figure 8b). Error bars in DSC measurements
were determined by the difference between repeated trails.
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Figure 7: Flowchart of the synthesis of triarylbenzenes.

2.3.3. Thin film preparation
Thin films of the five compounds were prepared by physical vapor deposition (PVD) in a
custom vacuum chamber with a base pressure less than 2 × 10−7 Torr. Silicon (100) wafers
(Virginia Semiconductor Inc.) with 1.4 nm native oxide layer were cleaned with nitrogen
gas and used as substrates. The details of the custom chamber and deposition methods
are published in a separate manuscript.50 The compounds were mounted in a crucible and
thermally heated for PVD. The deposition rate was controlled using the input power of the
thermal source (TDK-Lambda Gen8-90-U) and monitored by a quartz crystal microbalance
(Sycon Instrument STM-1). Depositions were performed at a rate of 0.20±0.03 nm/s and all
films were prepared in a thickness range of 180-210 nm. The detailed deposition temperature
for each film is presented in the Supporting Information Table S1. As described in a separate
publication,[109] the as-deposited samples were stable glasses. The films were transformed
into ordinary glasses by heating at 1 K/min, annealing at Tg +20 K until the thickness
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Figure 8: Heat capacity (Cp) as a function of temperature, in the temperature range around
Tg (a) and Tm (b) for α, α-P (red), α, α, β-TNB (orange), α, α-A (yellow), β-AA (green),
and α, α, α, α-TNBP (cyan). All curves were normalized between [0,1] and vertically shifted
for clarity. Molecular structures are shown as the insets.
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became constant and then cooling at 1 K/min to room temperature.[32, 109] The resulting
ordinary glasses were then used for characterization. Subsequent heating/cooling of the
samples resulted in the same measured properties in the super-cooled liquid regime within
experimental error, except for the onset of crystallization or dewetting in some compounds,
as detailed below. This is a strong indication that the transformed glasses maintained their
bulk-like properties and were no longer in the stable glass state.
2.3.4. Ellipsometry measurements
Each sample was mounted onto a temperature-controlled stage (Linkam THMSEL350V,
temperature range between 77 K to 623 K) using a thermally conductive paste (Arctic
Silver Ceramic polysynthetic thermal compound). The temperature during heating/cooling
ramps was controlled by the system controller (Linkam PE95/T95). After calibration,
dilatometry measurements were performed using a spectroscopic ellipsometer (J.A. Woollam
spectroscopic ellipsometer M-2000V) as detailed in our previous publications and SI.[62, 109]
An acquisition angle of 70 degrees and time of 1 second was chosen with zone averaging
enabled to eliminate possible systematic errors due to offsets of the polarizer’s angle. During
measurements, nitrogen gas was flown across the samples to prevent oxidation and water
uptake.
Figure 9a shows an example of measured ellipsometry angles Ψ(λ) and ∆(λ). Ψ(λ) and ∆(λ)
represent an amplitude and phase change of the ratio between two reflection coefficients for
p- and s-polarized light upon reflection, respectively. Ψ(λ) and ∆(λ) were fit to a three-layer
model, as schematically shown as the inset of Figure 9a, to determine the film thickness and
the index of refraction of the film. From bottom to top, the three-layer model is consisted
of a temperature-dependent model of optical properties of silicon, a 1.4 nm thick native
oxide layer, and a Cauchy model for the optical properties of the organic films. Since the
PVD films were transparent in the spectral range chosen for the experiments, this model
is suitable. In the Cauchy model, the relationship between the real part of the index of
refraction and the wavelength is described as n(λ) = A + λB2 + λC4 , while the imaginary part
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Figure 9: Measured ellipsometric angles Ψ and ∆ as functions of wavelength along with
the Cauchy model fits to the data for a 197 nm film of α, α, β-TNB at room temperature.
Inset shows a schematic diagram of the three-layer model. (b) Thickness as a function of
temperature for the same film measured on cooling at 1 K/min. The region highlighted in
red was used to fit a line in the super-cooled liquid (SCL) regime and the region highlighted
by blue was used to fit a line in the glassy regime. Tg is determined by the intersection of
these two linear fits (red and blue dashed lines) as indicated by the arrow. The inset shows
the molecular structure of α, α, β-TNB.
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of the index of refraction k is kept as zero. Overall, four parameters, A, B, C and the film
thickness, h, were fit to 486 Ψ(λ) and ∆(λ) data points, each simultaneously obtained at
every time point. Figure 9b shows an example of the thickness as a function of temperature
for a 197 nm film of α, α, β-TNB using cooling rate of 1 K/min. The value of Tg was
determined by the intersection of linear fits to the glassy (295 K to Tg - 20 K) and the
supper-cooled liquid (SCL) regions (Tg + 20 K to Tg + 30 K).
Cooling rate dependent Tg (CR-Tg ) measurements were performed on the transformed
ordinary glasses. Each glass sample was first heated at 150 K/min to its DSC Tg + 30 K,
and held isothermally for 20 minutes to be completely transformed into the super-cooled
liquid state. Various cooling rates were then used to cool the glass from Tg + 30 K to 295
K. The last repeating ramp of 150 K/min was performed to ensure that the film maintained
its property over the course of the experiment. After each cooling ramp, the sample was
held at 295 K for 5 minutes and subsequently heated to Tg +30 K at 150 K/min and held for
another 5 minutes for equilibration. Each cooling data set was then re-plotted as thickness
vs. temperature to obtain Tg values as described in Figure 9b. Figure 10c shows that
the mean square error (MSE) was independent of the temperature and time during CRTg measurements, indicating that the temperature dependent model used for the silicon
substrate and the thin films was adequate in predicting the optical properties of the system
at all times and temperatures. Acquisition time for ellipsometry measurements was 1 second
and temperature was recorded after the measurement. As such, there is a small discrepancy
between the actual temperature of the sample during the measurement and the recorded
temperature, in particular at high cooling rates (150 K/min, 120 K/min, 90 K/min and 60
K/min). Corrections were made for the fast cooling rate ramps by shifting the temperatures
accordingly. After the correction, the super cooled liquid lines for all cooling rates overlap
well, which is a strong indication of the validity of this correction and reproducibility of
the data after the transformation of the as-deposited glass. The error in determining Tg
includes the shifted temperatures, the differences between repeated trials and the standard
deviations in linear fits to glassy and SCL regimes. More details of the CR-Tg method can
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Figure 10: Raw ellipsometric CR-Tg measurements of a 197 nm α, α, β-TNB film. (a)
Calculated thickness as a function of time. (b) Temperature as a function of time. (c)
Mean square error (MSE) as a function of time. The inset shows the molecular structure
of the α, α, β-TNB. The colored regions correspond to cooling ramps of 150 K/min, 120
K/min, 90 K/min, 60 K/min, 30 K/min, 10 K/min, 7 K/min, 3 K/min, 1 K/min and 150
K/min from left to right, respectively.
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be found in our earlier publication.[62]

2.4. Results and Discussion
Figure 11a shows the results of ellipsometric (solid symbols) and DSC Tg (open symbols)
measurements for all five compounds. The ellipsometric Tg was determined by cooling 200
nm films of each compound at 10 K/min. Tg s determined by both methods are the same
within the experimental error. Since β-AA film crystalizes rapidly at 10 K/min cooling, only
its DSC Tg value is shown. Figure 11b shows the melting point (Tm ) determined by DSC.
Both Tg and Tm values were found to increase with increasing molecular weight in similar
trends. The Tg s of three compounds that only contain phenyl and naphthyl substituents,
α, α-P, α, α, β-TNB and α, α, α, α-TNBP, linearly increase with molecular weight by roughly
13 K per additional benzene ring. This observation is consistent with previous studies on
low molecular weight polymers[3] and n-alkanols.[203] However, the Tg s and Tm s of the
two compounds that contain stronger π-interacting substituents, α, α-A and β-AA, deviate
from this trend. The additional fused benzene ring on TNB molecule gives rise of 20 K in
Tg , while the second additional fused benzene ring on α, α-A increases the Tg by another 28
K. A similar trend is observed in Tm s as well. These observations suggest that the details
of molecular level interaction potentials are important in macroscopic properties of organic
compounds, and simple relationships may not hold in the presence of strong intermolecular
interactions. Some studies have used reduced Tg (Trg =Tg /Tm ) to predict the glass-forming
ability of organic molecules, suggesting that larger Trg favors glass formation and that
compounds with Trg less than 2/3 will readily crystallize.[6, 195, 87] This relationship has
been demonstrated to hold in some homologous series of molecules,[143] as well as α, α, βTNB and its three isomers.[38] This empirical relationship is also valid for compounds in
this study. Among the five compounds synthesized here β-AA has the lowest reduced Tg
(Trg =0.66). β-AA readily crystalizes, such that it’s critical cooling rate is above 10K/min.
We hypothesize that the introduction of stronger π-interacting substituents in small organic
molecules strengthens the molecular level interactions and reduces the barrier to nucleation.
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Figure 11: (a) Glass transition temperature (Tg ) as a function of molecular weight for five
molecules α, α-P (red); α, α, β-TNB (orange); α, α-A (yellow); β-AA (green); α, α, α, αTNBP(cyan). Solid symbols represent ellipsometric Tg values obtained at 10K/min cooling
rate, while open symbols represent Tg values determined by DSC at the same cooling rate.
(b) Melting point Tm as a function of molecular weight for the same compounds in (a)
as measured by DSC. Error bars are smaller than the symbol sizes. Red frames in both
figures highlight the increasing trend in Tg and Tm for compounds that only contain phenyl
and naphthyl substituents. Blue frames highlight the increasing trend in Tg and Tm for
compounds that contain anthracyl substituents.
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This is seen by a stronger increase in Tm compared to Tg , which results in the reduction
of Trg . The reduced Tg for the other four compounds are Trg (α, α-P)= 0.79, Trg (α, α, βTNB)=0.74, Trg (α, α-A)=0.71 and Trg (α, α, α, α-TNBP)=0.70.
In order to determine the apparent activation energy and fragility of each synthesized compound, vapor-deposited glasses were further characterized using CR-Tg measurements. Increasing cooling rate causes the super-cooled liquid to fall out of equilibrium at a higher
temperature, which corresponds to relaxation times slower than the rate of changes in temperature. Thus, cooling rate is inversely related to the relaxation time of the SCL at Tg .
This relationship between cooling rate and relaxation time provides a convenient method to
estimate the relaxation times of the SCL as a function of temperature close to Tg and the
fragility of the compound. Figure 12a shows the results of CR-Tg measurements for a thin
film of α, α-P. While the thicknesses of SCL remain identical among all cooling ramps, the
glass falls out of equilibrium at different temperatures under various cooling rates, resulting in different densities obtained after each cooling cycle. Glass with the highest density
(lowest thickness) is attained at the lowest cooling rate. The difference in the linear density
between glasses of the same material cooled at 150 K/min and 1 K/min is 0.4%. Additional CR-Tg measurements for other four molecules are shown in Figure 13. We note that
measurements at cooling rates below 30K/min were not possible for β-AA thin films due
to fast crystallization as mentioned above. The β-AA Tg at 10 K/min was determined by
DSC. Figure 12b shows an Arrhenius plot of log(τ ) as a function of 1000/Tg for all five compounds. τ was calculated using the empirical relationship that τ =100 seconds corresponds
to the glass transition at a cooling rate of CR=10 K/min. (τ CR=1000 seconds)
The Vogel-Tammann-Fulcher (VFT) equation is usually used to obtain the fragility of
glasses near Tg .[45] However, in the limited range of cooling rates accessible in this study,
a
the Arrhenius relationship (τ = τ0 exp( E
kT )) provides a good approximation for fragility. In

this equation, Ea is the apparent activation energy, and k is Boltzmann constant. Furthermore, using the empirical relationship between cooling rate and relaxation time, the CR-Tg
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Figure 12: (a) CR-Tg measurements of 200 nm vapor-deposited α, α-P glasses; normalized
thickness is plotted as a function of temperature at various cooling rates in the range between
150K/min to 1K/min. Film thickness is normalized to the thickness of SCL at Tg +30 K.
(b) log of relaxation time (log (τ )) as a function of 1000/Tg for α, α-P (red), TNB (orange),
α, α-A (yellow), β-AA (green), and α, α, α, α-TNBP(cyan). τ is calculated by assuming
that τ =100 seconds corresponds to a cooling rate of 10 K/min. The solid and dashed
lines are fits to the data. (c) Fragility (m) of vapor-deposited glasses at Tg ; α, α-P (red),
TNB (orange), α, α-A (yellow), β-AA (green open symbol), and α, α, α, α-TNBP(cyan).
Molecular structures are shown as insets.
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Figure 13: CR-Tg measurements of 200 nm films of (a) α, α, β-TNB (b) α, α-A, (c) β-AA
and (d) α, α, α, α-TNBP. The CR-Tg was measured in the range of 1-150 K/min for all
compounds except for β-AA (only in the limited range of 30-150 K/min) due to rapid
crystallization of the film at lower cooling rates. All film thicknesses are normalized to the
thickness of the corresponding SCL before the beginning of the cooling ramps. The insets
show the corresponding molecular structures.
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data can be used to estimate both the relaxation times near Tg and the activation energy
of these glasses at Tg . As shown in Fig. S11 of the SI, the apparent activation energy for
200 nm α, α-P, α, α, β-TNB, α, α-A, β-AA, and α, α, α, α-TNBP glasses are 414 KJ/mol,
408 KJ/mol, 426 KJ/mol, 911 KJ/mol and 587 KJ/mol, respectively. Activation energies
calculated from the slope of Arrhenius fits (as shown in Figure 12b ) can be used to evaluate fragility. The dynamic fragility index (m) quantifies the extent by which the relaxation
dynamics of SCL deviate from Arrhenius temperature dependence.20 The fragility, m, is
calculated as;

lim m =

T →Tg

dlog(τ )
T

d( Tg )

(2.1)

Strong liquids, with Arrhenius temperature dependence, have small fragility values close to
Tg . The fragility of α, α, β-TNB measured in our experiment is 63±2, which is in agreement
with the previous reported value of 68 determined by viscosity measurements.[116, 48,
205, 206] However, dielectric studies reported a different fragility of α, α, β-TNB as around
86.[154, 166] We attribute the disparity to the various accessible temperature ranges in
different instrumentations as shown in Figure 14, where all three data sets are plotted on the
same scale. It is also important to note that different types of dynamical quantities, probed
by various experiments, may have different temperature dependences near Tg . Figure 14
shows an excellent agreement between CR-Tg measurements and measurements of viscosity
in the same temperature range.
Figure 12c plots the dynamic fragility of five molecules. Compounds α, α-P, α, α, β-TNB,
α, α-A have similar fragilities around 63, while β-AA and α, α, α, α-TNBP have fragilities
of 122 and 80, respectively. We observe strong correlation between fragility and molecular
structure. We hypothesize that the large difference in fragility between α, α-A and β-AA
may be due to molecular rearrangement in SCL. The two anthracyl groups in β-AA may
increase the chance for dimer formation or even oligomers, which can also be seen from
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Figure 14: Relaxation time of α, α, β-TNB probed by viscosity measurement (black dots)
(Ref. [116, 48, 205, 206]), dielectric relaxation measurement (grey dashed lines) (Ref. [154])
and CR-Tg measurement (orange triangles). Inset shows an expanded image in the temperature range where all three data sets overlap. In order to generate this plot, it was assumed
that a cooling rate of 10 K/min corresponds to a relaxation time of 100 seconds and a
viscosity of 1011 g/(cm s). The data was vertically shifted according to this assumption
without further adjustment.
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the high apparent activation energy and rapid crystallization around Tg . Our observation
is consistent with the general trend found by Qin and McKenna[150] that the apparent
activation energy and fragility increases with increasing Tg in organic compounds with
aromatic substituents. The apparent activation energy and fragility again confirmed that
π-π intermolecular interactions play an important role in sculpting physical properties of
organic molecular glasses.
Figure 15a shows the thermal expansion coefficients of the five compounds calculated using
the slope of the lines in the glassy and SCL regions as described in the SI. Values of thermal
expansion coefficients were calculated using the following equation 2.2.

α=

1 dh
h dT

(2.2)

Where α is the expansion coefficient, h is the film thickness at T equals to the mid point
of the fitting range, 1/2(275+Tg )K for glassy region (α(G)) and Tg +25K for SCL region
(α(SCL)). Error bars were determined by the standard deviation of the fittings at different
cooling rates. The thermal expansion coefficient of α, α, β-TNB glass (α(G)), and supercooled liquid (α(SCL)) are measured to be (1.47±0.03)×10−4 /K and (5.31±0.05)×10−4 /K,
respectively. These values are consistent with those measured by Dalal et al. for 500 nm
films of α, α, β-TNB.[32] Similar to the measurements of Tg and Tm , the values of thermal
expansion coefficient for this series of compounds do not simply correlate with the molecular
weight. While generally the thermal expansion coefficient in both SCL and glassy regimes
decrease with increasing molecular weight, the compounds with stronger π interactions
have lower expansion coefficients. In the glassy regime, as shown in Figure 15a, the thermal
expansion coefficient of α, α-P, TNB, and α, α, α, α-TNBP decrease with approximately
0.06 × 10−4 /K decrease per additional benzene ring. In the glassy regime the addition
of π interactions, by the addition of a fused benzene ring in α, α-A, results in a larger
decrease in the thermal expansion by 0.11 × 10−4 /K. The lowest expansion coefficient is
measured in β-AA glass to be (1.35 ± 0.03) × 10−4 /K, which is an additional 0.07 × 10−4 /K
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Figure 15: Thermal expansion coefficients of the five compounds; α, α-P (red), TNB (orange), α, α-A (yellow), β-AA (green), and α, α, α, α-TNBP(cyan) in the glass, α(G), (a)
and super-cooled liquid α(SCL), (b) regimes.

36

lower. Interestingly, in the super-cooled regime, as shown in Figure 15b, a strong deviation
from the trend is only observed in β-AA. This suggests that the local environment βAA compound in the equilibrium state may be different from that of other compounds.
Thermal expansion is a measure of anharmonicity in the intermolecular potentials. If all
molecules in a system were bounded by perfectly harmonic potentials, the location of the
molecules during the temperature change would not change, resulting in zero value for the
thermal expansion coefficient.[9] As such, a lower value of thermal expansion coefficient is
interpreted as the existence of more harmonic potentials. In the SCL regime, the average
intermolecular distance is usually larger, leading to a larger value of the thermal expansion.
The exceptionally low value of α(SCL) in β-AA suggest that intermolecular interactions are
stronger in this compound in the SCL state, suggesting stronger π-interactions or potentially
the existence of dimers or oligomers. In general, the thermal expansion coefficient decreases
with increasing intermolecular forces; such that the thermal expansion coefficient of a crystal
is lower than that of its glass counterpart. In α, α, β-TNB, the thermal expansion of the glass
prepared by cooling at 1 K/min is about 30% higher than that of the crystal.[205, 206, 117]
As seen in our experiments, the introduction of stronger π-interacting side groups does
significantly lower the thermal expansion coefficient in glasses. Increasing molecular weight
generally makes the system more harmonic, while adding π-interacting side groups may
considerably promote harmonic potentials.

2.5. Summary and Outlook
Despite a long-standing interest in organic glass-forming materials for various applications,
systematic studies on families of molecules remain scarce. Such studies, however, hold the
key to unraveling the structural attributes that affect glass-forming ability and the properties of a glass both in bulk and nanometer length scales. The scarcity of studies is due,
in part, to the lack of general synthetic methods that have been applied to glass-forming
molecules and the lack of high-throughput characterization methods. A high-throughput
method of characterization, combined with an efficient synthetic tool to produce tailored
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glasses can help elucidate the role of the chemical structure in properties of glasses. Herein,
we have introduced a chemoselective approach based on Suzuki-Muara cross-coupling reactions employing a versatile precursor, 1-bromo-3-chloro-5-iodobenzene. The synthesis of
1-bromo-3-chloro-5-iodobenzene is simple and is done in large quantities in an undergraduate laboratory setting. This material provides an efficient starting point for the synthesis of
glasses tailored for various applications. Cooling rate dependent Tg measurements (CR-Tg )
provides a reliable high-throughput characterizing tool to measure properties of thin films
of glasses and super-cooled liquids. One set of measurements provides information on the
values of Tg , fragility and expansion coefficients of the bulk and super-cooled liquids. Using
this method, we have demonstrated that four structural analogues of a good organic glass
former, α, α, β-TNB, can all form glasses. Studies in compounds containing only phenyl and
naphthyl substituents validate the general trend that increasing molecular weight leads to
increasing Tm , Tg , apparent activation energy, fragility, and decreasing thermal expansion
coefficients. Furthermore, we have demonstrated that increasing the strength and number
of π-π interacting substituent in organic glass formers can affect various physical properties
of both glasses and super-cooled liquids. The molecules containing anthracyl substituents
showed stronger elevation in both Tm and Tg and activation energies, and greater decrease
in thermal expansion coefficients. These measurements show that stronger π interactions
increase fragility and decrease the ability of the compounds to form glasses. Complexes that
exhibit π-π stacking are often preferred in designing materials used in organic electronics because they promote hole-mobility. However, the role of π-π stacking in a material’s physical
properties has not received much attention. Based on the results of our study, we suggest
that π-π stacking is responsible for enhanced thermal stability and decreased glass-forming
ability.
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2.7. Supplementary Materials-General Synthesis Procedures
All reactions were carried out under a nitrogen atmosphere with oven-dried glassware employing standard vacuum line techniques. The progress of all reactions was monitored
by thin-layer chromatography. THF was dried over sodium benzophenone. Unless otherwise specified, all chemicals were obtained from Acros, Aldrich, or GFS Chemicals, and
all solvents were purchased from Fischer Scientific. The 1 H NMR and

13 C1 H

NMR spec-

tra were obtained on a Brker AM-500 Fourier transform NMR spectrometer at 500 and
125 MHz, respectively. Chemical shifts are reported in units of parts per million downfield from tetramethylsilane, and all coupling constants are reported in hertz. Thin-layer
chromatography was performed on Whatman precoated silica gel 60 F-254 plates and visualized by ultra-violet light. Silica gel (230-400 mesh, Silicycle) was used for air-flashed
chromatography. High resolution mass spectra were measured using a Waters 2695 Separations Module. The mass spectra for many of these compounds did not give the desired
molecular ion using ESI or CI. 1-Naphthyl boronic acid,[19] 2-naphthyl boronic acid,[55]
and 9-anthracene boronic acid[82] were synthesized according to previously reported methods. 1-Bromo-3-chloro-5-iodobenzene was synthesized using a literature method[74, 60] by
students at the University of Pennsylvania enrolled in the Introductory Organic Chemistry Laboratory (Chemistry 245). The trihalobenzene was further purified by dissolving in
dichloromethane and filtering. The filtrate was concentrated and the solid was recrystallized
using hot methanol.
Below is an overview of the synthetic methods employed to prepare the substrates utilized
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in this study (Figure 16). The advantage of using 1-bromo-3-chloro-5-iodobenzene is that
each of the three halogens has different reactivity toward palladium catalysts. Ligands for
palladium catalyzed Suzuki reactions are chosen to maximize chemoselectivity in reaction
at the C-halogen bonds. General procedures for each of the reactions in the overview are
outlined below.
General Procedure A: Cross-Coupling of 1-Bromo-3-chloro-5-iodobenzene with 2 equiv of
Boronic Acid. A dry 100 mL round bottom flask equipped with a stir bar was charged with
1-bromo-3-chloro-5-iodobenzene (1.29 g, 4.07 mmol, 1.0 equiv) and 1-naphthyl boronic acid
(1.54 g, 8.95 mmol, 2.2 equiv) before purging the flask with nitrogen. Toluene (40.7 mL),
ethanol (25 mL), and Na2 CO3 (64 mL, 2 M solution in H2 O, 0.13 mol) were added to the
flask before the addition of Pd(PPh3 )4 (0.141 g, 0.12 mmol, 3 mol %). The reaction mixture
was heated to 90 ◦ C for 12 h. Upon completion by TLC analysis, the reaction was cooled
to RT and distilled water was added. The organic and aqueous layers were separated,
the aqueous layer was extracted with Et2 O three times, and the combined organics were
washed with brine and dried over MgSO4 . The filtrate was concentrated and the residue
was chromatographed on silica gel to afford the title compound.
General Procedure B: Cross-Coupling of Aryl Chloride with Boronic Acid. A dry 25 mL
round bottom flask equipped with a stir bar was charged with aryl chloride (a) (0.622 g, 1.71
mmol, 1.0 equiv), 2-naphthyl boronic acid (0.440g, 2.56 mmol, 1.5 equiv), Pd(OAc)2 (10
mg, 0.043 mmol, 2.5 mol %), DavePhos (34 mg, 0.085 mmol, 5 mol %), and K3 PO4 (0.724 g,
3.41 mmol, 2.0 equiv) before flushing with nitrogen. THF (8.5 mL) and H2 O (1.7 mL) were
added before warming to 50 ◦ C. After 4 hours, the aryl chloride was completely consumed
by TLC analysis. The reaction mixture was cooled to room temperature and diluted with
distilled water. The organic and aqueous layers were separated, the aqueous layer was
extracted with Et2 O three times, and the combined organic layers were washed with brine
and dried over MgSO4 . The filtrate was concentrated and the residue was chromatographed
on silica gel to afford the title compound.
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Figure 16: (a) 1,1’-(5-Chloro-1,3-phenylene)dinaphthalene, (b) 3,5-Di(naphthalen-1-yl)-1phenylbenzene, (c) 1,3-Bis(1-naphthyl)-5-(2-naphthyl)benzene, (d) 9-(3,5-Di(naphthalen-1yl)phenyl)anthracene, (e) 2-(3-Bromo-5-chlorophenyl)naphthalene, (f) 9,9’-(5-(Naphthalen2-yl)-1,3-phenylene)dianthracene, (g) 3,3’,5,5’-tetra(naphthalen-1-yl)-1,1’-biphenyl.
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General Procedure C: Single Coupling of Aryl Halide with Boronic Acid. A dry 50 mL round
bottom flask equipped with a stir bar was charged with 1-bromo-3-chloro-5-iodobenzene
(0.50 g, 1.58 mmol, 1.1 equiv) and 1-naphthyl boronic acid (0.247 g, 1.43 mmol, 1.0 equiv)
before purging the flask with nitrogen. THF (14 mL) and K2 CO3 (28.4 mL, 2 M solution
in H2 O, 57 mmol) were added to the flask before the addition of Pd(PPh3 )4 (25 mg, 0.022
mmol, 1.5 mol %) as a solution in 14 mL of THF. The reaction flask was equipped with
a condenser and heated to reflux for 12 h, and then cooled to room temperature. The
organic and aqueous layers were separated, the aqueous layer was extracted with CH2 Cl2
three times, and the combined organics were washed with brine and dried over MgSO4 . The
filtrate was concentrated and the residue was chromatographed on silica gel to afford the
title compound.
General Procedure D. The following compounds were synthesized according to previously
reported methods.[17] An oven-dried 10 mL reaction vial equipped with a stir bar was
charged with aryl chloride (0.109 g, 0.30 mmol, 1.0 equiv), bis(pinacolato)diboron (38 mg,
0.15 mmol, 0.5 equiv), Pd2 dba3 (4 mg, 0.0045 mmol, 1.5 mol %), SPhos (15 mg, 0.036
mmol, 12 mol %), and K3 PO4 (0.127 g, 0.6 mmol, 2.0 equiv) before purging with nitrogen.
1,4-Dioxane (0.6 mL) was added to the reaction vial before heating to 110 ◦ C for 6 h. The
reaction mixture was cooled to RT before adding H2 O (0.15 mL) followed by heating to 110
◦C

for an additional 15 h. At this point, the reaction was cooled to RT and filtered through

a thin pad of celite using ethyl acetate. The filtrate was concentrated and the residue was
recrystallized using hexanes/dichloromethane to provide the title compound.
1,1’-(5-Chloro-1,3-phenylene)dinaphthalene (a). The product was prepared using General
Procedure A by adding Pd(PPh3 )4 (0.141 g, 0.12 mmol, 3 mol %) to a mixture of 1-bromo3-chloro-5-iodobenzene (1.29 g, 4.07 mmol, 1.0 equiv), 1-naphthyl boronic acid (1.54 g, 8.95
mmol, 2.2 equiv), toluene (40.7 mL), ethanol (25 mL), and Na2 CO3 (64 mL, 2 M solution
in H2 O, 0.13 mol). The filtrate was concentrated and the residue was chromatographed on
silica gel (10% ethyl acetate in hexanes) to afford the title compound in 80% yield (1.19 g,
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3.26 mmol).

1H

NMR (CDCl3 , 500 MHz) δ 7.99 (d, J= 8.2 Hz, 2H), 7.89-7.82 (m, 4H),

7.56 (d, J= 1.5 Hz, 2H), 7.51 (t, J= 1.5 Hz, 1 H ), and 7.50-7.42 (m, 8H);

13 C 1 H

(CDCl3 ,

125 MHz) δ 142.5, 138.6, 134.1, 133.8, 131.4, 130.1, 128.9, 128.4, 128.3, 127.1, 126.4, 126.0,
125.6, 125.3; IR (neat) 3047, 1930, 1815, 1590, 1565, 1507, 1440, 1390, 1335, 1309, 1271,
1210, 1189, 1161, 1143, 1126, 1107, and 1019 cm−1 ; HRMS m/z 364.1008 [M+ ; calcd for
C26 H17 Cl: 364.1019].
3,5-Di(naphthalen-1-yl)-1-phenylbenzene (b). The product was prepared by General Procedure B using aryl chloride a (2.0 g, 5.50 mmol, 1.0 equiv), phenylboronic acid (1.000 g, 8.25
mmol, 1.5 equiv), Pd(OAc)2 (32 mg, 0.138 mmol, 2.5 mol %), DavePhos (109 mg, 0.273
mmol, 5 mol %), K3 PO4 (2.328 g, 10.96 mmol, 2.0 equiv), THF (15 mL), and H2 O (3.0
mL). The filtrate was concentrated and the residue was chromatographed on silica gel (5%
EtOAc in hexanes) to afford the title compound in 90% yield (2.0 g, 4.95 mmol). 1 H NMR
(CDCl3 , 500 MHz) δ 8.15 (d, J= 7.0 Hz, 2H), 7.93 (d, J= 7.0 Hz, 2H), 7.90 (d, J= 7.0 Hz,
2H), 7.85 (s, 2H), 7.74 (d, J= 7.0 Hz, 2H), 7.67 (s, 1 H ), 7.58-7.46 (m, 10H), 7.38 (t, J=
7.0 Hz, 1 H ).

13 C1 H

(CDCl3 , 125 MHz) δ 141.3, 141.1, 140.8, 133.9, 133.9, 131.6, 130.7,

128.9, 128.4, 127.9, 127.8, 127.5, 127.3, 127.1, 126.2, 126.0, 125.9, 125.4 (Due to signals
with similar chemical shifts, not all peaks are observed); IR (neat) 3045, 2302, 1934, 1818,
1589, 1506, 1441, 1417, 1387, 1336, 1264, 1160, 1124, 1077, 1029, 1019, 1012 cm−1 .
1,3-Bis(1-naphthyl)-5-(2-naphthyl)benzene (c). The product was prepared by General Procedure B using aryl chloride a (0.622 g, 1.71 mmol, 1.0 equiv), 2-naphthyl boronic acid
(0.440 g, 2.56 mmol, 1.5 equiv), Pd(OAc)2 (10 mg, 0.043 mmol, 2.5 mol %), DavePhos (34
mg, 0.085 mmol, 5 mol %), K3 PO4 (0.724 g, 3.41 mmol, 2.0 equiv), THF (8.5 mL), and H2 O
(1.7 mL). The filtrate was concentrated and the residue was chromatographed on silica gel
(10% to 40% dichloromethane in hexanes) to afford the title compound in 92% yield (0.718
g, 1.57 mmol). 1 H NMR and

13 C1 H

NMR for this compound match previously reported

literature data.[19]
9-(3,5-Di(naphthalen-1-yl)phenyl)anthracene (d). The product was prepared by General
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Procedure B at 80 ◦ C using aryl chloride a (73 mg, 0.20 mmol, 1.0 equiv), 9-anthracene
boronic acid (52 mg, 0.30 mmol, 1.5 equiv), Pd(OAc)2 (2 mg, 0.01 mmol, 5 mol %), DavePhos (8 mg, 0.02 mmol, 10 mol %), K3 PO4 (85 mg, 0.40 mmol, 2.0 equiv), THF (1.0 mL),
and H2 O (0.2 mL). The filtrate was concentrated and the residue was chromatographed on
silica gel (10% dichloromethane in hexanes) to afford the title compound in 60% yield (61
mg, 0.12 mmol). mp = 236 ◦ C; 1 H NMR (CDCl3 , 500 MHz) δ 8.51 (s, 1 H ), 8.28-8.25 (m,
2H), 8.06 (d, J= 8.4 Hz, 2H), 8.01 (d, J= 8.4 Hz, 2H), 7.92-7.85 (m, 5H), 7.70 (d, J= 1.6
Hz, 2H), 7.66 (dd, J= 7.1, 1.1 Hz, 2H), 7.57-7.53 (m, 2H), and 7.52-7.43 (m, 8H);

13 C 1 H

(CDCl3 , 125 MHz) δ 140.9, 139.7, 138.8, 133.9, 131.9, 131.6, 131.4, 130.9, 130.3, 128.5,
128.4, 127.9, 127.4, 126.8, 126.3, 125.9, 125.8, 125.6, 125.4, and 125.1 (Due to signals with
similar chemical shifts, not all peaks are observed.); IR (neat) 3047, 1589, 1507, 1481, 1460,
1443, 1389, 1361, 1334, 1310, 1264, 1244, and 1013 cm−1 .
2-(3-Bromo-5-chlorophenyl)naphthalene (e). The product was prepared using General Procedure C by adding Pd(PPh3 )4 (25 mg, 0.022 mmol, 1.5 mol %) in 14 mL of THF to a mixture
of 1-bromo-3-chloro-5-iodobenzene (0.50 g, 1.58 mmol, 1.1 equiv), 2-naphthyl boronic acid
(0.247 g, 1.43 mmol, 1.0 equiv), THF (14 mL), and K2 CO3 (28.4 mL, 2 M solution in H2 O,
57 mmol). The filtrate was concentrated and the residue was chromatographed on silica gel
(100% hexanes) to afford the title compound in 65% yield (0.295 g, 0.93 mmol). 1 H NMR
(CDCl3 , 500 MHz) δ 7.98 (s, 1 H ), 7.93-7.84 (m, 3H), 7.75-7.72 (m, 1 H ), 7.66-7.61 (m,
2H), and 7.55-7.47 (m, 3H);

13 C 1 H

(CDCl3 , 125 MHz) δ 144.4, 135.7, 135.5, 133.5, 133.1,

130.0, 128.9, 128.8, 128.3, 127.7, 126.7, 126.6, 126.4, 126.3, 124.8, and 123.2; IR (neat) 3058,
1587, 1552, 1506, 1438, 1407, 1337, 1269, and 1107 cm−1 ; HRMS m/z 315.9650 [M+ ; calcd
for C16 H10 BrCl: 315.9654].
9,9’-(5-(Naphthalen-2-yl)-1,3-phenylene)dianthracene (f). The product was prepared by
General Procedure B using aryl chloride e (0.100 g, 0.32 mmol, 1.0 equiv), 9-anthracene
boronic acid (0.163 g, 0.95 mmol, 3.0 equiv), Pd(OAc)2 (7 mg, 0.032 mmol, 10 mol %),
DavePhos (25 mg, 0.063 mmol, 20 mol %), K3 PO4 (0.267 g, 1.26 mmol, 4.0 equiv), THF
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(1.6 mL), and H2 O (0.32 mL). The reaction mixture was heated at 80 ◦ C for 24 h. The
filtrate was concentrated and the residue was chromatographed on silica gel (10% to 50%
dichloromethane in hexanes) to afford the title compound in 56% yield (98 mg, 0.18 mmol).
1H

NMR (CDCl3 , 500 MHz) δ 8.52 (s, 2H), 8.21 (s, 1 H ), 8.09-8.02 (m, 10H), 7.89 (d, J=

1.0 Hz, 2H), 7.85-7.80 (m, 2H), 7.57 (t, J= 1.5 Hz, 1 H ), and 7.52-7.43 (m, 10H);

13 C 1 H

(CDCl3 , 125 MHz) δ 141.1, 139.6, 137.6, 136.5, 133.7, 133.3, 132.8, 131.4, 130.3, 129.3,
128.6, 128.5, 128.2, 128.1, 127.6, 126.8, 126.8, 126.4, 126.1, 125.7, 125.4, and 125.1; IR
(neat) 3054, 2925, 2854, 1669, 1623, 1590, 1519, 1508, 1482, 1461, 1443, 1411, 1349, 1334,
1268, 1199, and 1014 cm−1 .
3,3’,5,5’-tetra(naphthalen-1-yl)-1,1’-biphenyl (g). The product was prepared by General
Procedure D using aryl chloride a (0.109 g, 0.30 mmol, 1.0 equiv), bis(pinacolato)diboron
(38 mg, 0.15 mmol, 0.5 equiv), Pd2 dba3 (4 mg, 0.0045 mmol, 1.5 mol %), SPhos (15 mg,
0.036 mmol, 12 mol %), K3 PO4 (0.127 g, 0.6 mmol, 2.0 equiv), 1,4-dioxane (0.6 mL),
and H2 O (0.15 mL). The filtrate was concentrated and the residue was recrystallized using
hexanes/dichloromethane to provide the title compound in 71% yield (70 mg, 0.11 mmol).
1H

NMR (CDCl3 , 500 MHz) δ 8.11 (d, J= 8.0 Hz, 4H), 7.94 (d, J= 1.7 Hz, 4H), 7.91-7.85

(m, 8H), 7.68-7.66 (m, 2H), and 7.59-7.43 (m, 16H);

13 C 1 H

(CDCl3 , 125 MHz) δ 141.4,

140.9, 139.8, 133.9, 131.6, 131.0, 128.3, 127.9, 127.8, 127.2, 126.3, 126.0, 125.8, and 125.4;
IR (neat) 3045, 2927, 1587, 1576, 1507, 1392, 1335, 1264, 1161, 1113, and 1020 cm−1 .
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CHAPTER 3 : The Dependence of Tg and Fragility on the Molecular Weight and
Intermolecular Interactions
Role of Chemical Structure and Molecular Weight in Glass Transition Temperature and
Fragility of a Homologous Series of Organic Molecular Glasses, Tianyi Liu, Sarah Wolf,
Kevin Cheng, Xinyu Cao, Elmira Ranjbaran-Salami, Keyume Ablajan, Feng Gao, Patrick
J. Walsh and Zahra Fakhraai. Manuscript in preparation.

3.1. Introduction
When a liquid is cooled rapidly to a temperature below its melting point without crystallization, the system enters a meta-stable super-cooled liquid (SCL) state. Further cooling
will drastically slow down the dynamics of SCL. As a result, every few degrees drop in temperature will increase the structural relaxation time (τ ) by an order of magnitude [45, 8, 41].
When the liquid dynamics becomes too slow to maintain equilibrium, the SCL falls out of
equilibrium and forms a glass at the glass transition temperature (Tg ). For a particular
system, conventional Tg is typically defined at a cooling rate of 10 K/min. The average
relaxation time at Tg is approximately 100 seconds and the viscosity is usually as large as
1012 Pa·s[7].
In most organic liquids, viscosity increases rapidly as Tg is approached from above [7]. Dynamic fragility index (m), is a measure of ”how quickly” a liquid falls out-of-equilibrium
near Tg . m is defined as the slope of the relaxation time (or viscosity) vs. 1/T in an Arrhenius plot measured at Tg . Depending on the fragility index, liquids can be categorized
as strong or fragile. Strong liquids, with small m, have an Arrhenius temperature dependence at Tg . Many metallic alloys [98, 54] and inorganic network systems [18, 175, 80]
belong to this category. In contrast, fragile liquids, with high value of m usually display
a Vogel-Tammann-Fulcher (VFT) temperature dependence. Systems like small molecule
organic glasses [18, 66, 80, 154, 161] typically display a fragile behavior, with strongly
non-Arrhenius temperature dependent viscosity or relaxation time.
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The origins of the dramatic slowdown of dynamics near Tg , in particular for fragile liquids,
and the emergence of dynamical heterogeneity, have been subjects of various theoretical and
experimental studies. In particular, using Tg and fragility as two signature quantities that
relate to the nature of a super-cooled liquid as it falls out of equilibrium, one may be able
to probe the origins of this dramatic slow-down on a molecular level and understand their
origins, and correlations in properties [178]. By comparing across different systems, great
insights on structure-property relationship are gained. A compilation study by Qin and
McKenna presents a roughly linear relationship between fragility and Tg in ionic, metallic,
polymeric, and organic molecular systems, but not inorganic glasses[150]. This study covers
a wide range of materials and works reasonably well in depicting general trends. However,
due to the vast varieties of compounds studied, the correlation coefficients are low and
details may be smeared. In neat linear polymeric systems with low molecular weight,
Tg is well-known to depend on molecular weight [3]. As the molecular weight increases,
chain entanglement con volutes the glassy dynamics and diminishes the linear relationship.
Systematic studies were also performed on metal alloys [98]and ionic liquids [210], but
the strong and heterogenous inter-particle interaction make the theory predictions more
challenging.
In this study, we use a simple synthetic approach to design a homologous series of organic
molecular glasses with weak intermolecular interactions, to systematically study the role of
molecular weight, shape and molecular level interactions on the glass transition temperature
and fragility of these molecular glass-formers. Compared to other glass-formers, organic
molecules are easy to synthesize and it is relatively easy to optimize their properties. Their
thermodynamic properties such as Tg , melting point, heat-capacity, enthalpy and entropy
can be measured using differential scanning calorimetry (DSC). kinetic properties including
intermolecular interactions and electrical properties i.e. band gap and charge mobility are
all tunable by molecular architecture. Moreover, nano-scaled organic glasses are widely
used in pharmaceutical, electrical, lithography and coating industries.
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As a result, organic molecules have been a popular subject for many systematic studies
on glassy dynamics [203], stability [203, 108], and most recently, the ability to form stable
glasses [38, 109]. In this study, we choose a series of molecular analogue of 1,3,5-trisnaphthyl
benzene (TNB). TNB has long been recognized as a good glass former with dynamic properties examined in several studies [116, 206, 205, 194]. The choice of TNB as a frame of
reference also accounts for the ease to perform high-throughput synthesis. The resulting
molecular analogues all possess high glass-forming ability with weak Van der Waals like
intermolecular interactions. Parameters changed in a systematic manner include sizes of
substituents on the central benzo ring, number of conjugated benzo rings, different functional groups and molecular aspect ratio.

3.2. Experimental Section
Details on synthesis, thin film preparation, measurement of thickness, Tg and fragility were
reported in our previous publications [109, 108]. Here, we briefly describe each experimental
procedure.
3.2.1. Synthesis of Triarylbenzene Molecules
The detailed synthesis procedures are attached as supplementary materials in Section 3.8.
The starting material, 1-Bromo-3-chloro-5-iodobenzene, was synthesized by students enrolled in the Chemistry 245 (Introduction Organic Chemistry Laboratory) at the University
of Pennsylvania. Procedures are detailed in Gilbert and Martin [60]. Suzuki cross-coupling
catalyzed by palladium was used to react aryl boronic acid with each C-halogen to form Caryl bond. The final product was characterized using 1 H NMR and

13 C{1 H}

NMR (Brüker

AM-500 Fourier transform NMR spectrometer, 500 and 125 MHz). The structures of synthetic compounds 1-12 are shown in figure 17. We will refer to each compound as its labeled
number from here on.
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Figure 17:
Molecular structure of synthetic molecules 1-12 and o-terphenyl
(OTP). 3,5-di(naphthalen-1-yl)-1-phenylbenzene (1),
1,1’-(4’-fluoro-[1,1’-biphenyl]3,5-diyl)dinaphthalene (2), 3’,5’-di(naphthalen-1-yl)-[1,1’-biphenyl]-4-ol (3), 1,3-bis(1naphthyl)-5-(2-naphthyl)benzene (4), 3-(3,5-di(naphthalen-1-yl)phenyl)benzo[b]thiophene
(5),
2,2’-(5-(7-methoxynaphthalen-2-yl)-1,3-phenylene)dinaphthalene
(6),
9-(3,5di(naphthalen-1-yl)phenyl)phenanthrene (7), 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene
(8), 2-(3-(naphthalen-1-yl)-5-(naphthalen-2-yl)phenyl)thianthrene (9), 9,9’-(5-(naphthalen2-yl)-1,3-phenylene)dianthracene (10), 3,3’,5,5’-tetra(naphthalen-1-yl)-1,1’-biphenyl (11),
2,2’-(3’,5’-di(naphthalen-1-yl)-[1,1’-biphenyl]-3,5-diyl)dinaphthalene (12).
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Figure 18: Heat capacity (arbitrary unit) as a function of ramping temperature of compound
2, 3, 5, 6, 7, 9, 12 measured using DSC upon cooling at 10 K/min. Every curve is normalized
between 0 and 1. Curves are vertically shifted for clarity.

3.2.2. Determination of Tg using Differential Scanning Calorimetry
5 to 10 mg of each compound was mounted into a T-zero pan and sealed by a hermetic lid
(TA Instruments). The pan was loaded into a Q2000 DSC instrument (TA Instruments)
and two trails of heating (273 K to 623 K) and cooling (623 K to 273 K) ramps were
performed using a 10 K/min rate. Tg was measured upon cooling. figure 18 shows the DSC
determined heat capacity of compound 2, 3, 5, 6, 7, 9 and 12 near their Tg . Tg of other
compounds were reported in past work [108].
3.2.3. Measurement of Dynamic Fragility
Compound 1, 4, 6, 7, 8, 10, 11 were physical vapor deposited into ∼200 nm films for further
measurements. Due to limited quantity, compound 9 was physical vapor deposited into
∼120 nm film for measurements here. Substrate used was RCA cleaned silicon (100) with
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1nm native oxide (Virginia Semiconductor Inc.). Each powdered sample was mounted into
an aluminum oxide crucible (Kurt J. Lesker) and thermally deposited in a custom vacuum
chamber with a base pressure of 2 × 10−7 Torr. Deposition rate was kept constant at
0.2 ± 0.03 nm/s. The as-deposited film was first annealed on a temperature-controlled stage
(Linkam THMS600) at Tg + 20 K for 10 minutes.
Dilatometry measurements were then performed to characterize cooling rate-dependent Tg
using spectroscopic ellipsometry (J.A. Woollam M-2000V). The wavelength range was chosen as 500-1600 nm, within which every film studied is transparent. Ψ(λ) and ∆(λ), which
represent the ratio of p- and s- polarized reflection coefficients, were measured as raw data,
rp
rs

= tan(Ψ)ei∆ . Film thickness is fitted to Ψ(λ) and ∆(λ) using a Cauchy model. In this

model, the imaginary part of the index of refraction is kept as 0. The real part of refractive
index vs. wavelength is fitted by

n(λ) = A +

B
C
+
λ2 λ4

(3.1)

where A, B, C and thickness are fitting parameters. Figure 19 shows an example of Cauchy
fitting to the measured Ψ(λ) and ∆(λ).
Subsequent cooling using 9 different rates range between 120 K/min and 1 K/min were
performed on each film. To ensure that the film has not changed its property over the
course of the experiment, another cooling at 120 K/min was performed at the end of each
cycle. A small discrepancy exists between the actual temperature and the recorded due
to an acquisition time of 1 second. Corrections were made for fast rates from 120 to 60
K/min using the same method reported in [62]. The super-cooled liquid lines for all cooling
rates overlap well after the correction, which validates this correction and the experimental
reproducibility. CR-Tg measurement for compound 7 is shown in figure 20A as an example.
Tg was determined for each cooling rate by the intersection of linear fits to the super-cooled
liquid and glassy regimes. Using the empirical formula
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Figure 19: Ellipsometric angles Ψ(λ) (orange) and ∆(λ) (green) as a function of wavelength
for a 200 nm glass of compound 7. Cauchy model fitting is displayed as black dashed line.

CoolingRate × τ = 1000s

(3.2)

where τ represents relaxation time, we obtain the relaxation time as a function of inverse
apparent Tg . The relaxation time near Tg is generally represented by the Vogel-TammannFulcher (VFT) equation. For the short range of relaxation times accessible by CR-Tg , an
Arrehenius relationship provides a good approximation of fragility

τ = τ0 exp(

Ea
)
kT

(3.3)

where τ0 is constant, k is the Boltzmann constant, and Ea is the apparent activation energy
for rearrangement. The solid lines in Figure 20B show the Arrhenius fits of 1000 over Tg
to the relaxation time determined by equation 3.2. The apparent fragility of each film, i.e.
a measure of the apparent activation energy at Tg , was determined by equation 3.4.

lim m =

T →Tg

dlog(τ )
T
d( Tg )
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=

Ea
Tg

(3.4)

Table 1: Numerical values of DSC glass transition temperature
molecules
Molecule Molecular Weight (g/mol) Tg (K) (10K/min)
1
406.53
331±1
2
422.53
350±2
3
424.52
330±2
4
456.59
343±1
5
462.61
338
6
486.61
346±1
7
506.65
352±1
8
506.65
363±2
9
544.73
360±3
10
556.71
392±1
11
658.84
383±1
12
658.84
377
OTP
230.31
246 [66]

and dynamic fragility of 12
Fragility
63±7, 65±4 [109, 108]
82±5
65±7
64±7, 63±5 [109, 108]
N/A
72±7
55±6
68±5, 62±4 [109, 108]
79±7
114±11 [108]
83±5, 80±3 [108]
N/A
81 [66]

where Tg is the glass transition value obtained at a cooling rate of 10 K/min.

3.3. Experimental Glass Transition Temperature and Dynamic Fragility
Table 1 lists measured Tg and dynamic fragilities of the 12 molecules synthesized in this
study, along with ortho-terphenyl (OTP). The values are compiled from literature [66],
previous publication [108] and experiments done in this study. For synthetic compounds,
DSC was used to determine Tg and cooling rate-dependent Tg measurements were used to
determine fragility. OTP Tg and fragility were measured by differential thermal analysis.

3.4. Correlation between Molecular Weight and Glass Transition Temperature, Fragility
in Analogous system
We compare our results with the theoretical prediction by Mirigian and Schweizer[121, 122,
123]. Nonlinear Langevin equation (NLE) approach has successfully predicted dynamics
in jammed system over a short range of time scale. To improve on the NLE approach,
which addresses local cage expansion caused by single particle hopping, a series of recent
papers by Mirigian and Schweizer developed an activated barrier hopping theory to include
collective motions at longer range [121, 123, 122]. This model is denoted as the Elastically
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Figure 20: A. An example of CR-Tg measurement on compound 7. Thickness as a function
of temperature measured using CR- Tg at 9 different cooling rates. Thickness is normalized
to that of SCL at 376 K (Tg +30 K). Dashed lines are fits to the SCL region. B. log(τ ) as
a function of 1/Tg for compound 2, 3, 6, 7, 9. Solid lines are linear fits to the data points.
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Cooperative Nonlinear Langevin Equation (ECNLE) approach and effectively extends the
predicted relaxation time over a range of 14 orders of magnitude.
Simple expressions of Tg and fragility in real molecular systems were presented in Mirigian and Schweizer’s second paper of the series [122]. Real systems of molecular liquids
are mapped to hard sphere fluid by using a dimensionless equilibrium density fluctuation
amplitude (S0 ).

T (φ) =

B
A+

1
q
Ns S0hardsphere (φ)

(3.5)

Where Ns is the number of rigidly bonded sites, A represents molecular size and packing
entropy, and B is the liquid cohesive energy. For homologous systems of molecules (similar
values of A and B), the mapping predicts a simple relationship between glass transition
temperature (Tg ) and Ns as described below

Tg ∝ B

p
Ns

(3.6)

Essentially, Tg should increase linearly with respect to square root of molecular weights.
To estimate dynamic fragility (m) using this approach, the total activation barrier is approximated by log(τα ) at Tg .
p
m ∝ 1 + cA Ns

(3.7)

where c is a numerical factor. The above relation indicates that dynamic index is dom√
inated by a composite parameter A Ns , which molecular size and packing entropy both
contribute to the final value. Combining the results from equation 3.6 and 3.7, we analyze
the experimental Tg and fragility of synthetic compounds within this context.
We scale both Tg and fragility with square root of molecular weight to compare with
ECNLE derived relationships. Two major assumptions were made prior to applying theory
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Figure 21: Tg as a function of square root of molecular weight for compounds 1-12 and
OTP. Error bars are smaller than the symbol size. The linear regression has a slope of
12.60 with R2 =0.88.
predictions. First, we treat the series of analogues as ”spherical” vdW molecules to adopt
the hard sphere model. Second, every analogous molecule is assumed to possess the same
packing entropy (A) and cohesive energy (B). The second assumption may not be entirely
accurate as shown in the cases of molecular isomers. We keep this uncertainty in mind when
doing the below analysis.
3.4.1. Tg vs. molecular weight
Recall the approximated Tg scales linearly with square root of molecular weight in equation
3.6. Figure 21 is constructed from the values of Tg and molecular weight listed in table 1.
Overall, the trend shows a monotonic linear increase with an R2 of 0.88. The experimental
Tg agrees with the predicted value from the mapping between volume fraction and temperature assuming vdW models. The agreement also shows an evidence that organic molecules
have similar chemical architectures can be treated as vdW molecules with similar B values.
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Tg of two pairs of molecules, compound 7/8, and compound 11/12 presents an interesting
trend. Compounds in each pair are structure isomers, sharing the same molecular weight.
Compound 7 has a lower Tg than compound 8. This result might be caused by a lower
rotational barrier in compound 7, and/or a high intermolecular interactions added by anthracyl π − π stacking in compound 8. The low Tg in compound 12 can be analyzed within
the same context of rotational barrier. The trend of more β substituents causing lower Tg
is consistent with TNB isomers studied by Dawson et al. [38]. These Tg deviations indicate
that the cohesive energy (B) in even molecular isomers can be different depending on the
actual chemical architecture.
Although the majority of compounds follow the square-root theory prediction, there are
some exceptions that we would like to point out. Compounds 2 and 8 slightly deviate from
the predicted trend. Looking at their chemical structure, compound 2 contains a hydroxy
functional group on a phenyl substituent. Additions of hydrogen bonded (-OH) site are
expected to change the intermolecular attractions and therefore the liquid cohesive energy.
Compound 8 contains an anthracyl substituent which experiences a higher π − π stacking
force. Therefore, a different B in compound 8 is also reasoned. Compound 10, which contains two anthracyl substituents, shows a strongest deviation from the linear approximation.
This compound was reported in our previous study with a low glass forming ability and
high thermal stability (high Tg ) when comparing with other analogues [108]. Moreover,
the low thermal expansion coefficients in both liquid and glassy phases of compound 10
imply a more harmonic potential. Thus, the cohesive energy of compound 10 is expected
to be higher than others. Our observation of higher Tg in compound 2, 8, and 10 is consistent with an expected elevated cohesive energy due to higher intermolecular attraction.
Compound 11 and 12, on the other hand, shows a lower Tg than the predicted. These two
molecules have long aspect ratio which contradicts to the spherical assumption of molecular
shape. Despite the above fluctuations, the simple relationship between Tg and square root
of molecular weight is proved valid for molecular analogous system of TNB.
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Figure 22: Dynamic fragility (m) as a function of square root of molecular weight for OTP
[66], compound 1, 2, 3, 4, 6, 7, 8, 9, 10 and 11.

3.4.2. Fragility vs. molecular weight
√
Dynamic fragility predicted using ECNLE is proportional to 1+cA Ns as shown in equation
3.7. The original theory paper also demonstrates a linear relationship between fragility and
√
Ns under fixed chemistry [122]. The calculated A values for vdW molecules are positive,
so we expect an increasing in fragility as enlarging the molecular size. In figure 22, we plot
experimental fragility as a function of square root of molecular weight.
The general trend in fragility increases with molecular weight, but in a non-monotonic
manner. Unlike the clear linear trend in Tg , fragility shows large fluctuations especially in
compound 10. As we analyzed in the previous section and publication, compound 10 behaves
distinctively than other molecular analogues due to the two anthracyl substitutes. This
impact on fragility suggests that molecular structure of compound 10 affects the packing
entropy to a larger extent than the cohesive energy. Compound 1, 4, 6, 8, although possess
different molecular architectures, show very similar fragility indices within error. Since
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√
fragility is controlled by the composite parameter A Ns , the prediction using only molecular
weight is less accurate.

3.5. Conclusion and Outlook
In this study, we measured and summarized glass transition temperature (Tg ) and dynamic
fragility (m) near Tg for 12 synthetic organic molecular analogues. By approximating these
molecules to spherical Van der Waals models, we compare our experimental trends to a predicted correlation between Tg (fragility) and molecular weight by Elastically Cooperative
Nonlinear Langevin Equation approach. Although the molecular architectures are distinctive, a linear relationship is observed in Tg as a function of square root of molecular weight.
Deviations from the linear relationship are shown in molecules with higher intermolecular
attraction. Fragility for some high molecular weight analogues are higher, but the general
trend was not clear. The relationship between fragility and square root of molecular weight
is more complicated and largely influenced by molecular structures.
The simple relationship between Tg and molecular weight opens many possibilities in future
material designs. For series of homologous spherical vdW liquids, this study proves the
validity of theory prediction. Tg is an important thermodynamic (also kinetic) property of
glass-forming material, and the ability to predict it from molecular structure will benefit
both the high-throughput synthesis and application.
Motivated by the fascinating bulk glassy dynamic, free surface and thin film studies shed
light on the more complicated dynamics under confinement. Studies of organic surface diffusion by Lian Yu et al. have confirmed that surface dynamic is molecular size/intermolecular
attraction dependent [233, 20, 226, 224]. The experimental data nicely fits into the theory
prediction using a similar ECNLE approach [124]. Inspired by the above literatures, we
anticipate contribution from future studies of thin film dynamics in molecular analogues to
complete the big picture of glassy dynamics.
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3.7. Supplementary Materials-General Synthesis Procedures
General Method-All reactions were carried out under a nitrogen atmosphere with oven-dried
glassware employing standard vacuum line techniques. The progress of all reactions was
monitored by thin-layer chromatography.. Unless otherwise specified, all chemicals were
obtained from Acros, Aldrich, or GFS Chemicals, and all solvents were purchased from
Fischer Scientific. The 1 H NMR and

13 C1 H

NMR spectra were obtained on a Brker AM-

500 Fourier transform NMR spectrometer at 500 and 125 MHz, respectively. Chemical shifts
are reported in units of parts per million downfield from tetramethylsilane, and all coupling
constants are reported in hertz. Thin-layer chromatography was performed on Whatman
precoated silica gel 60 F-254 plates and visualized by ultra-violet light. Silica gel (230-400
mesh, Silicycle) was used for air-flashed chromatography. High resolution mass spectra were
measured using a Waters 2695 Separations Module. The mass spectra for many of these
compounds did not give the desired molecular ion using ESI or CI. 1-Naphthyl boronic
acid,1 2-naphthyl boronic acid, and 9-anthracene boronic acid3 were synthesized according
to previously reported methods. 1-Bromo-3-chloro-5-iodobenzene was synthesized using a
literature method.
General Procedure A: A dry 100 mL round bottom flask equipped with a stir bar was
charged with 1-bromo-3-chloro-5-iodobenzene (1.29 g, 4.07 mmol, 1.0 equiv) and 1-naphthyl
boronic acid (1.54 g, 8.95 mmol, 2.2 equiv) before purging the flask with nitrogen. Toluene
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(40.7 mL), ethanol (25 mL), and Na2 CO3 (64 mL, 2 M solution in H2 O, 0.13 mol) were
added to the flask before the addition of Pd(PPh3)4 (0.141 g, 0.12 mmol, 3 mol %). The
reaction mixture was heated to 90 ◦ C for 12 h. Upon completion by TLC analysis, the
reaction was cooled to RT and distilled water (100 mL) was added. The organic and
aqueous layers were separated, the aqueous layer was extracted with Et2 O (3×50 mL),
and the combined organics were washed with brine (50 mL) and dried over MgSO4 . The
filtrate was concentrated and the residue was chromatographed on silica gel to afford the
title compound.
General Procedure B: A dry 25 mL round bottom flask equipped with a stir bar was
charged with dinaphthyl benzene chloride (1a or 1b) (0.55 g, 1.5 mmol, 1.0 equiv), aryl
boronic acid (2.25 mmol, 1.5 equiv), Pd(OAc)2 (8.7 mg, 0.038 mmol, 2.5 mol %), DavePhos
(30 mg, 0.074 mmol, 5 mol %), and K3 PO4 (0.65 g, 3 mmol, 2.0 equiv) before flushing with
nitrogen. THF (5 mL), and H2 O (1.0 mL) were added and the reaction mixture was warmed
with stirring at 50 ◦ C. After 4 - 6h, the aryl chloride was completely consumed by TLC
analysis. The reaction mixture was cooled to room temperature and diluted with distilled
water. The organic and aqueous layers were separated, the aqueous layer was extracted
with Et2 O three times, and the combined organic layers were washed with brine and dried
over MgSO4 . The filtrate was concentrated and the residue was chromatographed on silica
gel (5% EtOAc in hexanes) to afford the title compounds a-g (Figure 23).
The product (a) was prepared using General Procedure B by adding 1,3-di(α-naphthyl)
benzene chloride (0.55 g, 1.5 mmol, 1.0 equiv), (4-fluorophenyl) boronic acid (0.315 g, 2.25
mmol, 1.5 equiv), Pd(OAc)2 (8.7 mg, 0.038 mmol, 2.5 mol %), DavePhos (30 mg, 0.074
mmol, 5 mol %), K3 PO4 (0.65 g, 3 mmol, 2.0 equiv), THF (5 mL), and H2 O (1.0 mL)
in a dry round bottom flask equipped with a stir bar under nitrogen atmosphere. After 4
h, the reaction was completed. The filtrate obtained by working up was concentrated and
the residue was chromatographed on silica gel (5% EtOAc in hexanes) to afford the title
compound 3a in 85% yield (397 mg). 1 H NMR (CDCl3 , 500 MHz) δ 8.15 (d, J = 7.0 Hz,
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Figure 23:
(a) 1,1’-(4’-Fluoro-[1,1’-biphenyl]-3,5-diyl)dinaphthalene, (b) 3’,5’Di(naphthalen-1-yl)-[1,1’-biphenyl]-4-ol,
(c)
2,2’-(5-(7-Methoxynaphthalen-2-yl)1,3-phenylene)dinaphthalene ,
(d) 9-(3,5-Di(naphthalen-1-yl)phenyl)phenanthrene,
(e)
4-(3,5-di(naphthalen-1-yl)phenyl)benzo[b]thiophene,
(f)
1-(3,5-Di(naphthalen1-yl)phenyl)thianthrene,
(g)
2,2’-(3’,5’-Di(naphthalen-1-yl)-[1,1’-biphenyl]-3,5diyl)dinaphthalene.
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2H), 7.93 (d, J = 7.0 Hz, 2H), 7.90 (d, J = 7.0 Hz, 2H), 7.85 (s, 2H), 7.74 (d, J = 7.0 Hz,
2H), 13 1 7.67 (s, 1H ), 7.58-7.46 (m, 10H), 7.38 (t, J = 7.0 Hz, 1H ).

13 CH

(CDCl3 , 125

MHz) δ 162.8 (d, J = 245.5 Hz), 141.6, 140.4, 140.0, 137.1 (d, J = 2.9 Hz), 134.1, 131.8,
130.9, 129.1 (d, J = 8.1 Hz), 128.6, 128.2, 127.8, 127.4, 126.5, 126.1 (2C), 125.6, 116.1 (d,
J = 21.5 Hz) . IR (thin film): 3046, 1586, 1556, 1507, 1389, 1264, 800, 776, 739, 704 cm−1 .
The product (b) was prepared using General Procedure B by adding 1,3-di(α-naphthyl)
benzene chloride (0.365 g, 1.0 mmol, 1.0 equiv), beta-(7-methoxynaphthalen) boronic acid
(0.303 g, 1.5 mmol, 1.5 equiv), Pd(OAc)2 (5.6 mg, 0.025 mmol, 2.5 mol %), DavePhos (19.7
mg, 0.05 mmol, 5 mol %), K3 PO4 (0.425 g, 2.0 mmol, 2.0 equiv), THF (4.0 mL), and H2 O
(0.8 mL) in dry round bottom flask equipped with a stir bar under nitrogen atmosphere.
After 5 h, the reaction was completed. The filtrate obtained by working up was concentrated
and the residue was chromatographed on silica gel (5% EtOAc in hexanes) to afford the
title compound 3b in 84% yield (0.306 g, 0.84 mmol). 1 H NMR (CDCl3 , 500 MHz) δ 8.11
(d, J = 8.5 Hz, 2H), 7.92 (dd, J = 1.5 Hz, J = 8.5 Hz, 2H), 7.88 (dd, J = 1.5 Hz, J = 8.5
Hz, 2H), 7.76 (d, J = 1.5 Hz, 2H), 7.61 (dd, J = 2.0 Hz, J = 6.5 Hz, 3H), 7.58-7.53 (m,
4H), 7.52-7.46 (m, 4H).

13 C

(CDCl3 , 125 MHz) δ 155.6, 141.5, 140.9, 140.2, 134.1, 133.7,

131.9, 130.3, 128.8, 128.6, 128.0, 127.5, 127.3, 126.4, 126.2, 126.0, 125.6, 116.0 ppm. IR
(thin film): 3543, 3391, 3046, 1610, 1590, 1515, 1443, 1388, 1334, 888, 855, 833, 802, 779,
737, 621 cm−1 .
The product (c) was prepared using General Procedure B by adding 1,3-di(beta-naphthyl)
benzene chloride (0.365 g, 1.0 mmol, 1.0 equiv), beta-(7-methoxynaphthalen) boronic acid
(0.303 g, 1.5 mmol, 1.5 equiv), Pd(OAc)2 (5.6 mg, 0.025 mmol, 2.5 mol %), DavePhos (19.7
mg, 0.05 mmol, 5 mol %), K3 PO4 (0.425 g, 2.0 mmol, 2.0 equiv), THF (4.0 mL), and H2 O
(0.8 mL) in dry round bottom flask equipped with a stir bar under nitrogen atmosphere.
After 5 h, the reaction was completed. The filtrate obtained by working up was concentrated
and the residue was chromatographed on silica gel (5% EtOAc in hexanes) to afford the
title compound 3c in 84% yield (0.306 g, 0.84 mmol). 1 H NMR (CDCl3 , 500 MHz) δ 8.15
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(d, J = 8.5 Hz, 2H), 8.10 (s, 1H ), 7.94 (t, J = 1.5 Hz, 3H), 7.91 (t, J = 7.5 Hz, 3H), 7.83
(t, J = 1.5 Hz, J = 3.0 Hz, 2H), 7.77 (d, J = 9.0 Hz, 1H ), 7.66 (t, J = 1.5 Hz, 1H ),
7.62-7.55 (m, 4H), 7.33-7.47 (m, 4H), 7.16 (q, J = 2.5 Hz, J = 4.5 Hz, 2H), 3.94 (s, 3H).
13 C

(CDCl3 , 125 MHz) δ 158.1, 141.6, 141.3, 140.3, 136.1, 134.2, 134.1, 131.9, 130.7, 130.0,

129.4, 128.6, 128.1, 128.0, 127.6, 127.4, 126.5, 126.3, 126.1, 125.7, 119.5, 105.8, 55.6 (Some
peaks are overlapped due to similar chemical shifts) ppm. IR (thin film): 3047, 1588, 1506,
1486, 1389, 1268, 1236, 1204, 1031, 883, 853, 801, 778, 736 cm−1 .
The product (d) was prepared using General Procedure B by adding 1,3-di(α-naphthyl)
benzene chloride (1.0 g, 2.5 mmol, 1.0 equiv), 9-phenanthrene boronic acid (0.92 g, 4.13
mmol, 1.5 equiv), Pd(OAc)2 (16 mg, 0.069 mmol, 2.5 mol %), DavePhos (55 mg, 0.137
mmol, 5 mol %), K3 PO4 (1.164 g, 5.48 mmol, 2.0 equiv), THF (7.5 mL), and H2 O (1.50
mL) in dry round bottom flask equipped with a stir bar under nitrogen atmosphere. After
5 h, the reaction was completed. The filtrate obtained by working up was concentrated and
the residue was chromatographed on silica gel (5% EtOAc in hexanes) to afford the title
compound (d) in 86% yield (1.08 g, 4.95 mmol).

13 C

NMR (CDCl3 , 125 MHz): δ 141.1,

140.0, 138.6, 134.2, 131.8, 131.3, 131.0, 130.99, 130.9, 130.3, 128.9, 128.6, 128.2, 128.1,
127.5, 127.1, 126.9, 126.89, 126.8, 126.5, 126.2, 126.1, 125.7, 123.2, 122.8 (Some peaks are
overlapped due to similar chemical shifts). IR (thin film): 3046, 1587, 1507, 1493, 1450,
1389, 1264, 1161, 890, 866, 801, 778, 737, 618 cm−1 .
The product (e) was prepared using General Procedure B by adding 1,3-di(α-naphthyl)
benzene chloride (0.365 g, 1.0 mmol, 1.0 equiv), beta-(7-methoxynaphthalen) boronic acid
(0.303 g, 1.5 mmol, 1.5 equiv), Pd(OAc)2 (5.6 mg, 0.025 mmol, 2.5 mol %), DavePhos (19.7
mg, 0.05 mmol, 5 mol %), K3 PO4 (0.425 g, 2.0 mmol, 2.0 equiv), THF (4.0 mL), and H2 O
(0.8 mL) in dry round bottom flask equipped with a stir bar under nitrogen atmosphere
After 6 h, the reaction was completed. The filtrate obtained by working up was concentrated
and the residue was chromatographed on silica gel (5% EtOAc in hexanes) to afford the
title compound 3e in 84% yield (0.306 g, 0.84 mmol). 1 H NMR (CDCl3 , 500 MHz): δ 8.15
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(dd, J = 1.5 Hz, J = 8.5 Hz, 2H), 7.62-7.55 (m, 4H), 8.10-8.08 (m, 1H ), 7.93-7.88 (m, 5H),
7.83 (d, J = 1.5 Hz, 2H), 7.71 (t, J = 1.5 Hz, 2H), 7.61-7.54 (m, 5H), 7.53-7.47 (m, 4H),
7.40-7.37 (m, 2H). 13 C NMR (CDCl3 , 125 MHz): δ 141.5, 141.0, 140.0, 138.0, 137.9, 136.3,
134.1, 131.8, 131.2, 129.4, 128.6, 128.2, 127.4, 126.5, 126.2, 126.1, 125.7, 124.7, 124.2, 123.2
(Some peaks are overlapped due to similar chemical shifts) ppm. IR (thin film) 3046, 1589,
1507, 1428, 1388, 1348, 1268, 1063, 892, 855, 801, 778, 760, 736, 632 cm−1 .
The product (f) was prepared using General Procedure B by adding1,3-di(beta-naphthyl)
benzene chloride (0.365 g, 1.0 mmol, 1.0 equiv), thianthrene-1-boronic boronic acid (0.39
g, 1.5 mmol, 1.5 equiv), Pd(OAc)2 (5.6 mg, 0.025 mmol, 2.5 mol %), DavePhos (20 mg,
0.137 mmol, 5 mol %), K3 PO4 (0.425 g, 2.0 mmol, 2.0 equiv), THF (4 mL), and H2 O (0.8
mL) in dry round bottom flask equipped with a stir bar under nitrogen atmosphere. After
6 h, the reaction was completed. The filtrate obtained by working up was concentrated and
the residue was chromatographed on silica gel (5% EtOAc in hexanes) to afford the title
compound 3f in 80% yield (0.44 g, 0.8 mmol). 1 H NMR (CDCl3 , 500 MHz): δ 8.22 (d, 2H),
8.09 (m, 3H), 7.96-7.86 (m, 8H), 7.63-7.42 (m, 11H ), 7.32 (t, J = 7.5 Hz, 1H ), 7.27-7.19
(m, 2H).

13 C

NMR (CDCl3 , 125 MHz): δ 142.5, 141.5, 141.2, 141.0, 140.0, 138.1, 136.6,

136.2, 135.9, 135.5, 134.1, 134.0, 133.0, 131.9, 130.3, 129.6, 129.2, 128.8, 128.7, 128.6, 128.5,
128.2, 128.1, 127.9, 127.8, 127.6, 127.4, 126.6, 126.5, 126.4, 126.3, 126.1, 125.8, 125.7 (Some
peaks are overlapped due to similar chemical shifts). IR (thin film): 3052, 1590, 1507, 1449,
1387, 1264, 883, 856, 818, 779, 740 cm−1 .
The product (g) was prepared using General Procedure B by adding 1,3-di(beta-naphthyl)
benzene chloride (0.365 g, 1.0 mmol, 1.0 equiv), (3,5-di[naphthalen-1-yl]phenyl)boronic acid
(0.561 g, 1.5 mmol, 1.5 equiv), Pd(OAc)2 (5.6 mg, 0.025 mmol, 2.5 mol %), DavePhos (20
mg, 0.137 mmol, 5 mol %), and K3 PO4 (0.425 g, 2.0 mmol, 2.0 equiv), THF (4 mL), and
H2 O (0.8 mL) were added o before warming to 50 ◦ C. After 6 h, the reaction was completed.
The filtrate obtained by working up was concentrated and the residue was chromatographed
on silica gel (5% EtOAc in hexanes) to afford the title compound (g) in 71 % yield (210
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mg, 0.33 mmol). 1 H NMR (CDCl3 , 500 MHz): δ 8.22-8.20 (m, 4H), 8.09 (m, 3H), 7.97 (s,
2H), 7.94-7.83 (m, 13H), 7.72 (s, 1H ), 7.66 (s, J = 5.0 Hz, 1H ), 7.62-7.49 (m, 13H).

13 CH

(CDCl3 , 125 MHz): δ 142.8, 142.4, 141.7, 141.4, 140.1, 138.5, 134.1, 133.9, 133.0, 131.9,
131.3, 128.8, 128.6, 128.5, 128.3, 128.2, 127.9, 127.4, 126.6, 126.5, 126.3126.2, 126.1, 125.9,
125.8, 125.7 (Some peaks are overlapped due to similar chemical shifts). IR (thin film):
3053, 1587, 1507, 1386, 1264, 876, 854, 817, 801, 776, 746, 714 cm−1 .
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CHAPTER 4 : Chemical Structure Influence on the Stability of Physical Vapor
Deposited Glass
Reprinted from Tianyi Liu, Kevin Cheng, Elmira Salami-Ranjbaran, Feng Gao, Chen Li,
Xiao Tong, Yi-Chih Lin, Yue Zhang, William Zhang, Lindsey Klinge, Patrick J. Walsh, and
Zahra Fakhraai. The effect of chemical structure on the stability of physical vapor deposited
glasses of 1,3,5-triarylbenzene. The Journal of Chemical Physics, 143(8):084506, aug 2015
with the permission of AIP Publishing.

4.1. Abstract
In this chapter, we detail the formation and properties associated with stable glasses (SG)
formed by a series of structural analogues of 1,3-bis(1-naphthyl),5-(2-naphthyl)benzene
(α, α, β-TNB), a well-studied SG former. Five compounds with similar structural properties
were synthesized and physical vapor-deposited with a constant deposition rate at various
substrate temperatures (Tdep ) in the range between 0.73 Tg to 0.96 Tg . These molecules include α, α, β-TNB, 3,5-di(naphthalen-1-yl)-1-phenylbenzene (α, α-P), 9-(3,5-di(naphthalen1-yl)phenyl)anthracene (α, α-A), 9,9’-(5-(naphthalen-2-yl)-1,3-phenylene)dianthracene (βAA) and 3,3’,5,5’-tetra(naphthalen-1-yl)-1,1’-biphenyl (α, α, α, α-TNBP). Ellipsometry was
used to study the transformations from the as-deposited glasses into ordinary glasses (OG).
The stability of each film was evaluated by measuring the fictive temperature (Tf ) and
density difference between the as-deposited glass and OG. It is demonstrated that all five
molecules can form SGs upon vapor deposition in this temperature range. In-depth studies on the dependence of the stability of as-deposited glasses upon Tdep were performed
with three molecules, α, α, β-TNB, α, α-P, and α, α-A. The general trends of stability were
comparable at the same Tdep /Tg for these three compounds. Similar to previous studies on α, α, β-TNB, vapor-deposited glasses of α, α-P, and α, α-A formed the most stable
structures around Tdep = 0.8-0.85 Tg . The most stable glass of each molecule showed the
lowest thermal expansion coefficient compared to OG and a positive optical birefringence.
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However, the SGs of α, α-A were less stable compared to α, α-P and α, α, β-TNB at the
relative Tdep /Tg . Based on Arrhenius extrapolation of the aging time, as a measure of
stability, the most stable α, α-A glass was only aged for a few years as opposed to hundreds
or thousands years for other glasses. We hypothesize that the reduced stability is due to
slower mobility at the free surface of α, α-A glass compared to the other two molecules.

4.2. Introduction
Amorphous organic materials have important applications in pharmaceutical and organic
electronics industries. However, their widespread use has been limited by the changes in
properties due to aging,[183] crystallization[144] or dewetting.[129] Unlike their crystalline
counterparts, organic glasses lack thermal and kinetic stability.[100, 231, 173] Over the past
few years, physical vapor deposition (PVD) has been demonstrated as an effective method
to prepare organic glasses with exceptional properties including high density,[186, 32, 30, 31]
high thermal stability,[92, 103] low water vapor uptake,[39] and high kinetic stability.[88, 93]
Glasses that manifest the above properties are denoted as stable glasses (SG).[184] Many remarkable characteristics of SGs, such as low enthalpy,[92, 88] low heat capacity[103, 93] and
high density imply that SGs are in the near-equilibrium states at temperatures well below
their glass transition temperatures (Tg ). Other properties, including transformation growth
fronts[187, 188] and the suppression of tunneling two-level systems,[139, 44] even resemble
properties of crystals, suggesting that SGs are well-packed structures. These exceptional
properties make SGs excellent candidates for applications in pharmaceuticals,[73] organic
electronics,[90] nanoimprint lithography and tip-based nanomanucturing.[129] Physical aging can also lower the position of a glass on the energy landscape and lead to improved
properties. However, aging is slow and the degree of density change and enhancement of
stability is not comparable to those prepared by PVD within accessible laboratory time
scales.[186, 92, 184, 21] The largest reported density increase due to aging is around 2% in
a millions-year-old amber,[230, 138] while PVD organic glasses prepared within an hour can
yield density changes as large as 1.5%.[32] Other glass preparation methods, such as cooling
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or quenching a liquid, cannot produce glasses with nearly the same degree of stability as
PVD glasses.[88] It has been hypothesized, but not systematically studied, that the accessibility to such low energy states is due to enhanced surface mobility during PVD.[232, 26, 35]
During vapor deposition, molecules at the free surface may be able to adopt more stable
conformations before being buried by the incoming flux of molecules. Deposition rate and
the substrate temperature (Tdep ) then become the two most important parameters to control properties of PVD glasses.[31, 92, 88, 53] The deposition rate dictates the time spent
at the free surface during which each layer of molecules can rearrange.[26] The deposition
temperature (Tdep ) affects the relaxation time at the free surface and the energy difference between glass and equilibrium super-cooled liquid (SCL) states. Glasses with various
degrees of stability can be prepared by modifying these deposition parameters.[31, 92, 53, 4]
To date, many compounds including metallic,[5, 223] polymeric[70] and organic[103, 4, 37]
materials have been shown to form stable glasses upon PVD. Isomers[38] and mixtures[208]
of organic SG formers were also proven to form SGs. Simulations on both metallic and
organic SGs have been reported to access SG states via enhanced surface mobility.[115, 174]
These studies indicate that SG formation may be universal to all glass-formers, but the
criteria are not yet well defined. In order to elucidate the origins of SG formation, it is
important to study detailed effects of various parameters, such as the fragility of SCL,[166]
the bulk relaxation times and the fragility of the mobile surface layer, on the stability of
PVD systems.
Among many choices of materials, small organic molecules are appealing because their
chemical and physical properties can be easily tailored by modifying the substituents.
α, α, β-Trisnaphthylbenzene (α, α, β-TNB) is a well studied molecule that provides a reliable frame of reference to systematically study the effect of chemical structure on SG
formation.[32, 184, 37, 165] We recently developed a versatile method to synthesize various structural analogues of TNB in order to probe the relationship between structure and
ability to form SG.[107] We then demonstrated that these TNB analogues are amenable to
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Figure 24: Five molecules used in this study. 3,5-di(naphthalen-1-yl)-1-phenylbenzene
(α, α-P) (grey), 1,3-bis(1-naphthyl),5-(2-naphthyl)benzene (α, α, β-TNB) (red), 9(3,5-di(naphthalen-1-yl)phenyl)anthracene (α, α-A) (blue), 9,9’-(5-(naphthalen-2-yl)-1,3phenylene)dianthracene (β-AA) (orange), and 3,3’,5,5’-tetra(naphthalen-1-yl)-1,1’-biphenyl
(α, α, α, α-TNBP) (green). Color shadings indicate the varied substituents among different
molecules.
vapor deposition and can form amorphous layers at the deposition temperatures of interest. Herein, we explore the influence of chemical structure on the SG formation of these
molecules. Our series includes α, α, β-TNB and four new compounds: 3,5-di(naphthalen1-yl)-1-phenylbenzene (α, α-P), 9-(3,5-di(naphthalen-1-yl)phenyl)anthracene (α, α-A), 9,9’(5-(naphthalen-2-yl)-1,3-phenylene)dianthracene (β-AA) and 3,3’,5,5’-tetra(naphthalen-1yl)-1,1’-biphenyl (α, α, α, α-TNBP) as shown in Figure 24.
SGs have been characterized using various methods such as differential scanning calorimetry
(DSC),[92, 88] nanocalorimetry,[93, 4, 207] Brillouin light scattering,[53] dielectric relaxation[166,
24] and dilatometry using ellipsometry.[30, 32, 31] Ellipsometry is a precise method to study
properties of thin films of glasses.[30, 31, 215, 214] This method has been extensively em-
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ployed to measure thickness,[94, 62, 95] as well as the index of refraction and birefringence
of thin polymer and organic films.[214, 217, 219, 133] The advantage of using ellipsometry
is its ability to probe a wide array of structural and kinetic properties in a high-throughput
manner,[31, 62] which makes it possible to characterize a large number of molecules with
small amounts of material. Here, ellipsometry is used to measure the thermal expansion
coefficient and the transformation kinetics of as-deposited glasses. The stability of glasses
were interpreted from the fictive temperature (Tf )[13] and changes in the density as a function of Tdep with respect to Tg . Tdep -dependent stability was examined in-depth for three
molecules with well-defined bulk Tg s; α, α-P, α, α, β-TNB and α, α-A. At the deposition
rate chosen for this study (0.2 nm/s), Tdep around 0.8-0.85 Tg resulted in the most stable
structures. Under similar deposition conditions relative to Tg , α, α-P and α, α, β-TNB SGs
show similar degrees of stability, while α, α-A SGs display a clear reduction in stability
compared to the other compounds.

4.3. Experimental Methods
4.3.1. Physical Vapor Deposition
Silicon (100) wafers (Virginia Semiconductor Inc.) with 1.4 nm native oxide layer were
cut into 1×1 cm squares, cleaned with dry nitrogen gas on the polished side and were
adhered to the copper sample holder using vacuum grease (Apiezon H). Physical vapor
deposition was performed in a custom ultra-high vacuum chamber with a base pressure
of less than 2 × 10−7 Torr. The temperature of the sample holder was controlled using
an external thermoelectric temperature control setup mounted onto an aluminum flange,
which was in thermal contact with the copper sample holder stage. The compounds were
loaded into an alumina crucible and were thermally evaporated. The input power for
thermal evaporation was controlled using a DC power supply (TDK-Lambda Gen8-90-U).
The deposition rate was manually controlled by the input power and monitored using a
quartz crystal microbalance (Sycon Instrument STM-1). All PVD depositions reported
here were carried out at a deposition rate of 0.20±0.03 nm/s. Most of the films used in
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this study were prepared in a thickness range of 180-210 nm. Due to the limited range
of deposition temperature available in the custom chamber, two depositions of the α, α-P
compound at low temperatures were carried out at the Center for Functional Nanomaterials,
Brookhaven National Laboratory (BNL).
4.3.2. Ellipsometry Measurements
Dilatometry measurements on all vapor-deposited samples were performed on a spectroscopic ellipsometer (J.A. Woolam spectroscopic ellipsometer M-2000V) with 70 degrees
acquisition angle and 500-1600 nm wavelength range. The acquisition time was chosen to
be 3 seconds with zone averaging enabled to prevent potential systematic errors due to
polarizer misalignment. After an initial alignment, focusing optics were installed to reduce
the size of beam spot to 30µm. Calibrations with focusing optics were performed on silicon
with thermally grown oxide films of known thicknesses. Each sample was adhered onto a
temperature-controlled stage (Linkam THMSEL350V, 77 K to 623 K) using thermal paste
(Arctic Silver Ceramic polysynthetic thermal compound), and was secured by two Teflon
screws. During measurements, nitrogen gas was used to purge the humidity from the sample
stage. The temperature of the sample was controlled using a Linkam temperature stage and
controller (Linkam PE95/T95). Temperature profiles used for dilatometry measurement
were written using temperature control and video capture software (Linkam Linksys32).
Melting point of indium (Sigma Aldrich) was tested on the same stage to calibrate temperature, and the error was determined to be ±0.6 K. The film thickness and index of refraction
were determined by fitting the measured ellipsometric angles Ψ(λ) (amplitude) and ∆(λ)
(phase) at each temperature to a three-layer model; layer 1, a temperature-dependent model
for optical properties of silicon, layer 2, a 1.4 nm native oxide layer and layer 3, a Cauchy
uniaxial anisotropic model for the PVD film (an example is shown in Figure 25). In the
spectroscopic range of the experiment (λ=500-1600nm), all compounds used in this study
were transparent and therefore this model was suitable in determining the optical properties and film thickness. The anisotropic model fits the optical properties of the stable
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glass better than an isotropic model (Figure 25). This is consistent with previous studies
that indicate that PVD glasses are birefringent.[32, 217, 133, 216] The relationship between
index of refraction and wavelength in Cauchy model is described by equation 4.1

nxy (λ) = A +

B
λ2

(4.1)

where nxy (λ) is the index of refraction in the xy-plane and A and B are fit parameters.
Since the anisotropy of the glass is small, a wavelength-independent value of anisotropy was
used as a third fit parameter:

∆nz (λ) = nz (λ) − nxy (λ) = ∆A

(4.2)

where nz (λ) is the index of refraction normal to the plane of the sample. Overall, 4 fit
parameters A, B, ∆nz and film thickness, h, were used to fit 486 data points for Ψ(λ) and
∆(λ) in this spectral range. Figure 25a shows the quality of the fit for an as-deposited 200
nm film of α, α-A deposited at Tdep = 277 K=0.77 Tg . Figure 25b shows the residual error
between the fit and the data for both an isotropic model (∆nz (λ) = 0) and anisotropic
Cauchy models for comparison.
After determining the properties of the as-deposited glass, dilatometry measurements were
carried out by heating the sample at 1 K/min to a set temperature of 15-30K above the
ordinary glass (OG) Tg , (shaded as orange in Figure 26), holding isothermally until the
transformation into OG was complete (shaded as pink in Figure 26), and then cooling back
to the initial temperature at 1 K/min to determine the ellipsometric Tg of the OG (purple
and blue regions in Figure 26). It is worth noting that not all of the films were heated
to high enough temperatures to observe the onset of transformation as performed in some
studies.[32, 92] Instead, a set temperature above Tg was chosen to isothermally transform
the glasses before cooling. This was done primarily to avoid dewetting and to minimize
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Figure 25: (a) Measured ellipsometric angles Ψ(λ) and ∆(λ) as a function of wavelength
λ for a 200nm film of as-deposited α, α-A .Tdep =277 K (0.77 Tg ) Cauchy anisotropic
model fitting (black dashed lines) to the experimental data (b) Error in fitting isotropic and
ansiotropic Cauchy models to Ψ(λ) data presented in (a).
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the number of experimental trials needed with limited amounts of synthesized compounds.
Figure 26 shows the thickness change in a thermal cycle of a 204 nm TNB film described
above. The solid black lines are the calculated thickness (Figure 26a) and the recorded
temperatures (Figure 26b). During isothermal transformation above Tg , the film continues
to expand and eventually reaches a constant thickness when transformation is complete.
The blue shaded area highlights the OG formed when the super-cooled liquid (SCL) falls
out of equilibrium at Tg upon cooling. The slopes of stable glass, SCL and OG lines are
used to determine the thermal expansion coefficient of these states.
Figure 27a presents the data in Figure 26 as film thickness as a function of temperature and
highlights different stages of the transformation. By extrapolating the SCL line to intersect
with the SG line, the fictive temperature, Tf , can be defined for each film. The fictive
temperature is a measure of the degree of equilibrium reached during vapor-deposition.[30,
31] For samples that had Tf lower than 303 K, the lowest reliable temperature accessible
with this setup, the stable glass line was extrapolated to lower temperatures assuming a
constant expansion coefficient. Density changes between the PVD glass and the ordinary
glass were calculated according to equation 4.3.

∆ρ =

hordinary (303K) − hstable (303K)
hordinary (303K)

(4.3)

where hstable (303K) is the thickness of the as-deposited SG film at 303K before transformation, and hordinary (303K) is the thickness of the transformed (OG) film at 303 K.
This equation is valid under the assumption that expansion in the xy plane is negligible
due to a small expansion coefficient of silicon substrate. Since both OG and SG are outof-equilibrium at the experimental temperatures and their expansion coefficients are much
larger than that of the substrate, these glasses may be under compressive or tensile stress
depending on Tdep . However, no experimental data exist for the Poisson’s ratio of either
SG or OG of these molecules, and the values are not expected to be significantly different in
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Figure 26: 204 nm TNB film deposited at 306K =0.90 Tg (a) Calculated thickness as
a function of time (b) Recorded temperature as a function of time. Temperature was
recorded after data acquisition was finished. Orange shading shows the stable glass (SG)
region, where the thermal expansion coefficient remains constant at constant heating rate.
Pink shading shows the transformation from SG state to SCL state during the isothermal
hold. Purple and blue regions show the SCL and OG regions during the isothermal hold
and subsequent cooling ramp, respectively.
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the two states.[15] As such, equation 4.3 should present a reasonable measure of the relative
density difference.
Figure 27b shows the calculated in-plane (nxy ) and out-of-plane (nz ) indices of refractions
as a function of temperature. Under the deposition conditions described above, the asdeposited PVD film was anisotropic. The glass becomes isotropic upon transformation
into OG. The slight residual anisotropy can be attributed to stress due to the mismatch
between thermal expansions of silicon and glass. It is important to note that these stresses
may also affect the expansion coefficient of the glassy films, but more reliable estimates are
not permitted without a knowledge of the Poisson’s ratio[15, 148] or the ability to vapordeposit much thicker films. More details on the anisotropy of vapor-deposited films will be
discussed in the next chapter.
It is important to note that during transformation, the three-layer model did not properly fit
some data points. We attribute this observation to the transformation growth fronts.[187,
40, 33] The layers behind the growth front may have different optical properties to an extent
that a single-layer model is no longer suitable. Since the transformation fronts are not the
focus of this study, we leave details of the fits during these stages to future studies. These
data points are marked with open symbols throughout this chapter.

4.4. Results and Discussion
4.4.1. Fictive Temperature and Density Change as a Function of Temperature
Figure 28 shows the results of ellipsometry based dilatometry measurements on PVD films
of α, α-P (a), α, α, β-TNB (b), and α, α-A (c) deposited at various deposition temperatures.
Most film thicknesses are around 200 nm with the exceptions of α, α-P deposited at Tdep
=0.78 Tg , (260 nm) and Tdep =0.73 Tg (403 nm). Based on Figure 28, Tg (α, α-P)=
328±2K, Tg (α, α, β-TNB)= 338±2 K and Tg (α, α-A) = 359±1 K. These values are in good
agreement with differential scanning calorimetry (DSC) measurements reported in another
study from our group[107] as 330 K, 343 K, and 360 K, respectively. The differences in
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Figure 27: (a) Thickness as a function of temperature for a 204 nm TNB film deposited at
Tdep = 306 K (0.90 Tg ) and transformed into ordinary glass. The heating and cooling rates
were 1 K/min and the PVD glass was transformed isothermally at 358 K=Tg +15K. This
figure illustrates how the Tg , Tf and ∆ρ are calculated. Dashed lines represent linear fits
to regimes that correspond to the thermal expansion of each phase, away from transitions
and transformations. The expansion coefficients of the stable glass, αSG, ordinary glass,
αOG, and the super-cooled liquid αSCL, are obtained using the slopes of the orange, blue
and purple dashed lines, respectively. (b) Calculated in-plane (nxy , green) and out-of-plane
(nz , orange) indices of refraction of the same film at wavelength λ=632.8 nm with respect
to temperature. Arrows indicate heating, transformation and cooling of the film.
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Figure 28: Transformation of the as-deposited SGs into OGs as explained in Figure 27. (a)
Normalized film thickness as a function of temperature for α, α-P films deposited at Tdep
=0.93 Tg (orange), Tdep =0.88Tg (green), Tdep =0.83 Tg (blue), Tdep =0.78 Tg , (red), Tdep
=0.73 Tg (black). Open symbols indicate the unreliable data points as detailed in the text.
(b) Normalized film thickness as a function of temperature for α, α, β-TNB films deposited
at Tdep =0.96 Tg (orange), Tdep =0.90Tg (green), Tdep =0.86 Tg (blue), Tdep =0.81 Tg
(red), Tdep =0.78 Tg (black). (c) Normalized film thickness as a function of temperature
for α, α-A films deposited at Tdep =0.95 Tg (orange), Tdep =0.92Tg (green), Tdep =0.87 Tg
(blue), Tdep =0.82 Tg (red), Tdep =0.77 Tg (black). The transformation of some SGs started
before the isothermal hold, and an onset temperature can be observed as deviations from
linear expansion of SG line before the isothermal transformation temperature is reached.
For clarity, every 1 out of 24 measured data points are presented in this figure.
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Tg s between these two methods are primarily due to the different cooling rates used (10
K/min for DSC vs. 1 K/min for ellipsometry measurements). We have shown[107] that
ellispometry measurements at 10K/min yield values closer to those measured by DSC. The
data in Figure 28 shows that all transformed OGs of each compound (with the exception
of α, α-P films deposited at Tdep = 0.73 Tg ) have similar apparent expansion coefficients
and Tg s across different films. This is a strong indication that the transformed OGs are
the same within experimental error. Therefore, the properties of SGs deposited at various
temperatures can be directly compared with the common OG state. It is not clear why
the transformed glass of α, α-P film deposited at Tdep = 0.73 Tg showed a higher apparent
expansion coefficient. Unfortunately these measurements could not be repeated due to the
limitations in the amount of synthesized material and access to equipment.
All as-deposited glasses in the experimental range had higher density, as measured by lower
initial thickness, compared to the transformed glass at the same temperature. Furthermore,
most glasses showed increased kinetic stability and did not transform into ordinary glass
until the temperature was raised well above Tg . As shown in Figure 28a, the onset temperatures of the α, α-P glasses deposited at Tdep = 0.73 and 0.78 Tg were below the isothermal
holding temperature, as observed by a rapid change in thickness at 340 K and 337 K ,
respectively. Similarly, for α, α, β-TNB (Figure 28b), the onset temperature of the film
deposited at Tdep = 0.96 Tg was observed and the isothermal transformation temperature
was lowered by 5 K to prevent dewetting. In Figure 28c, isothermal holding temperature
of α, α-A deposited at Tdep = 0.77 and 0.95 Tg glasses were also lowered by 5 K due to the
appearance of the onset of transformation. In all the other films, the onset temperature was
either above or equal to the isothermal holding temperature. These observations are in good
agreement with previous experiments on α, α, β-TNB.[32] Ellipsometry measurements were
also performed on 200 nm films of β-AA (Tg =391 K and Tdep =0.85 Tg ) and α, α, α, αTNBP (Tg =383 K and Tdep =0.90 Tg ) as shown in Figure 29. Due to the limited amount
of synthesized material, only one film was deposited for each molecule. Nevertheless, both
molecules showed the ability to form SGs upon PVD, as shown by increased density, 1.65
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% for β-AA and 1.20 % for α, α, α, α-TNBP, and lowered fictive temperature compared to
Tg , Tf = 325 K= 0.83 Tg for β-AA and Tf = 354 K= 0.92 Tg for α, α, α, α-TNBP.
Figure 30 shows the relative fictive temperature, Tf /Tg , (Figure 30a) and changes in density,
∆ρ, (Figure 30b) obtained from data presented in Figure 26 for α, α-P, α, α, β-TNB and
α, α-A SGs. The horizontal error bars are estimated based on uncertainties in determining
Tg and Tdep . The error in determining Tg is evaluated using the standard deviations of the
fits to OG and SCL lines. The lower bound of this error is ±0.6 K, the uncertainty of the
absolute value of temperature from the temperature stage. The vertical error bars in Figure
30a are determined based on the uncertainty in Tg (as described above) and the uncertainty
in Tf (standard deviations of fitted SG and SCL lines). The dashed line in Figure 30a has
a slope equals one, where Tdep =Tf . This line represents the lowest attainable fictive
temperature at any deposition temperature. A glassy state with lower Tf corresponds to a
lower energy state on the energy landscape, indicating higher stability. Figure 27a shows
similar trends in stabilities of all three molecules. Glasses deposited near 0.95 Tg yield near
equilibrium structures. The maximum stability for all three compounds is achieved around
Tdep = 0.8Tg -0.85Tg . As the deposition temperature is reduced below Tdep = 0.8Tg , less
stable glasses are produced. These results are consistent with previous measurements on
α, α, β-TNB and other organic compounds.[32, 92, 53] Interestingly, although the trends are
similar among all three compounds, α, α-A produces less stable glasses at the same relative
deposition temperature compared to the other two compounds beyond experimental error.
Figure 30b shows the percent change in densities upon transformation described by equation
4.3 as a function of relative deposition temperature, Tdep /Tg . Vertical error bars are
calculated based on the standard deviations in fits to the OG and SG lines. This is used as
a measure of errors in the ellipsometry measurements instead of the reproducibility because
it was not always possible to repeat the experiment at a given deposition temperature due
to the limited amount of synthesized material. The dashed lines in this graph represent the
extrapolated equilibrium line of each compound, where the density change is the maximum
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Figure 29: (a)Dilatometry meausrement of 180 nm β-AA film deposited at 333 K (0.85 Tg ).
(b) Dilatometry meausrement of 180 nm α, α, α, α-TNBP film deposited at 343 K (0.90 Tg ).

82

Figure 30: (a) Fictive temperatures (Tf ) relative to Tg as a function of Tdep /Tg for SGs
of α, α-P (black), α, α, β-TNB (red), and α, α-A (blue). Black dashed line indicates the
equilibrium where Tdep would equal Tf .(b) Density change between as-deposited glasses and
OGs as a function of relative deposition temperature, Tdep /Tg . Black, red and blue dashed
lines indicate density change required to reach equilibrium. Slopes are calculated by taking
the difference between the slope of SCL line and slope of OG line for each corresponding
molecule; density change is assumed to be 0 when Tdep = Tg . Solid lines in both figures
are guides to the eye.
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possible density increase to reach equilibrium at the deposition temperature. This line is
calculated by connecting two points, one obtained by calculating the density change between
the extrapolated SCL and OG at 303K and the other by assuming that the density change
is zero at Tg .[31] The non-monotonic trend observed in fictive temperature measurements
(Figure 30a) is also seen in the density increase as a function of relative Tdep /Tg . The
densities are close to the equilibrium densities at deposition temperatures near Tdep = 0.95
Tg . The most stable glass, as measured by the highest initial density, is obtained around
Tdep =0.8Tg -0.85 Tg . These observations are consistent with those previously reported for
TNB.[32] Again we note that α, α-A shows a smaller degree of density change compared to
the other two compounds at the same relative deposition temperature. Furthermore, the
equilibrium density of α, α-A (blue dashed line) is higher at all relative Tdep s, and therefore
a larger driving force towards the equilibrium would be expected. This also indicates that
α, α-A is farther away from equilibrium than the other two compounds at the same relative
Tdep s.
4.4.2. Thermal Expansion Coefficient
Figure 31 shows the apparent thermal expansion coefficients (αSG) of the as-deposited SGs
at corresponding substrate temperatures. The dashed lines represent the apparent expansion coefficient of the ordinary glass, αOG, for each molecule.41 As discussed in before,[107]
the π-conjugated interactions are enhanced as the number of fused benzene rings increases
in the substituent, resulting in a more harmonic potential. As the potential becomes more
harmonic, the apparent expansion coefficient of OGs are further decreased.[9] Each compound’s apparent αSG decreases with increased stability of the glass. The lowest αSGs are
measured around Tdep = 0.8Tg -0.85Tg for each compound, indicating more harmonic potentials as the packing density increases. As such, the stability of SGs can also be evaluated
from the changes in the apparent expansion coefficient. The percentage change in expansion
coefficient of the most stable SGs of each compound compared to its OG is ∆α (0.83 Tg
α, α-P)= 28±3 %, ∆α (0.86 Tg α, α, β-TNB)= 21±1 % and ∆α (0.82 Tg α, α-A)= 19±1
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Figure 31: Apparent thermal expansion coefficient, αSG of as-deposited SGs at various
substrate temperatures; α, α-P (black), α, α, β-TNB (red), and α, α-A (blue). The values
are obtained using a linear fit to the data in Figure 28 in the range of 303 K-320 K. Dashed
lines are the apparent thermal expansion coefficients of OGs (after transformation) of each
corresponding molecule. Solid lines are guides to the eye.
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% , respectively. Thermal expansion coefficients of α, α, β-TNB glasses deposited between
0.8 Tg and 0.9 Tg are close to that of the crystal value, 1.25 × 10−4 /K.[117, 206, 205]
Within experimental error, the values reported here for 200 nm α, α, β-TNB films agree
well with those reported by Dalal et al. for 500 nm films of the same compound.[32] We
note that both reported αSG and αOG are thermal expansion coefficients calculated in
the direction normal to the film, under the condition where the expansion of the film in
the xy direction is constrained by the silicon substrate, with a much smaller expansion
coefficient. As such, the measured expansion coefficients are expected to be closer to the
values of the bulk expansion coefficient rather than the linear expansion coefficients. The
actual values of the expansion coefficient can be calculated from these measured apparent
values of expansion coefficient with a knowledge of the materials’ Poisson’s ratio.[148] Since
the Poisson’s ratios of neither the OGs nor the SGs of these compounds are known, the
correction cannot be applied to the current measurements. However, we expect that for
a given compound, the relative difference between αSG and αOG upon transformation be
minimally affected by the corrections that would be in the same direction for both phases.
We also note that although the fictive temperature and density measurements indicate that
all vapor-deposited glasses are more stable than the OGs of the corresponding compound,
the apparent thermal expansion coefficients of some SGs are higher than αOG. As explained
earlier, this may be due to differences in the compressive vs. tensile stresses on the α, α-P
glasses deposited at temperatures well below room temperature, which generate more stress
on these films. Careful studies on the mechanical properties of these glasses are needed to
further verify this point.
4.4.3. Discussion
The results of this study overall agree well with previous studies on stable glasses of various
organic compounds.[32, 92, 165, 207] All five structural analogues can form stable glasses
at the deposition temperature around 0.8Tg -0.85Tg . When deposition rate is kept constant, the relative deposition temperature, Tdep /Tg , is a strong predictor of the PVD glass
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properties. Similar to the results in other studies, the properties of glasses deposited at
temperatures close to Tg are limited by the equilibrium line.[31] In this regime, dynamics of
the surface is fast enough so that properties of the glass are defined by the thermodynamic
properties of the super-cooled liquid (equilibrium).[32] When the temperature is decreased,
the glass stability is increased as lower energy states become available. Around Tdep =0.8Tg 0.85Tg , the most stable structures are obtained. At deposition rates below 0.8Tg , surface
mobility slows down and the glass structure is kinetically trapped in an intermediate state.
As the temperature is further decreased, the mobility at the surface decreases even more
and less stable glasses are obtained. The interplay between the equilibrium structure, which
is defined by the bulk properties of a glass, and the dynamics at the free surface are two
important variables in defining the most stable structure at a constant deposition rate.
This non-monotonic trend is observed in both measurements of the fictive temperature and
change in the density of the three compounds α, α-P, α, α, β-TNB and α, α-A. We also note
that for glasses prepared at these deposition temperatures, their structures are consistent
with an amorphous structure aging towards the equilibrium line.
Although all three molecules are able to form stable glasses, α, α-A glasses have lower density
(Figure 30b) and higher fictive temperature (Figure 30a) at the same Tdep /Tg compared to
α, α-P and α, α, β-TNB glasses at Tdep s below 0.9 Tg . In the thermodynamic driven regime,
the equilibrium density of α, α-A is higher than both α, α-P and α, α, β-TNB, suggesting
that the driving force to reach equilibrium should be larger. To rationalize the reduction in
stability, we compared apparent fragility and estimated aging times of three glasses. Studies
in the past have suggested that fragility may be a dominant factor that leads to stable glass
formation.[25, 128] However, a few recent works on strong liquids have proposed that the
fragility of a liquid does not directly correspond to the stable glass forming ability.[26, 166]
In a recent study we used cooling rate-dependent Tg measurements to obtain the fragility of
these compounds.[107] The values of fragility are reported in Table I. As shown in Table I,
bulk fragility of α, α-A is similar to that of the other two compounds,[107] which indicates
that the bulk relaxation times around Tg for these three compounds are similar. Therefore,
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Table 2: Fragility and the estimated age of the most stable glasses.
Molecule
Tdep
Fragility[107] Estimated Age
α, α-P
274 K (0.83 Tg ) 66
5.6 × 103 years
α, α, β-TNB 290 K (0.86 Tg ) 63
1.7 × 104 years
α, α-A
311 K (0.82 Tg ) 62
12 years
bulk fragility or relaxation times cannot explain the differences observed in the stability of
the PVD films between α, α-A and the other two compounds.
To demonstrate the large difference among the degrees of stability of these three glasses,
it is useful to estimate the required aging time for an ordinary glass to achieve the same
density as the most stable glass. Using the reported values of fragility, along with an
Arrhenius extrapolation to the deposition temperatures of interest, we estimate the aging
time required to age the system to the same state. Table 2 shows the fragilities and the
estimated age of the most stable glasses of three molecules obtained in this study.
Clearly, α, α-A stable glasses are not as ”aged” as the other two glasses. Since the apparent bulk relaxation times at Tg for these glasses are similar,[107] and the driving force
towards equilibrium are stronger for α, α-A, we hypothesize that the surface mobility of
α, α-A glasses must be slower than that of α, α-P and α, α, β-TNB at the same temperature
relative to Tg . Stable glasses of a wide range of molecules have been formed in the past,
but a clear relationship between stability and the molecular structure and size has been
lacking.[32, 53, 4, 70] Few studies have directly correlated molecular structure to surface
mobility. Brian and Yu have demonstrated an example of molecular weight or structure effect on the enhanced surface mobility.[20] In their study, nifedipine has a much faster surface
diffusivity than indomethacin despite sharing similar bulk relaxation times and dynamics.
They hypothesized that under similar deposition conditions, nifedipine would make a more
stable glass than indomethacin due to the fast surface relaxation. Both hypotheses need
to be verified to elucidate the relationships between molecular weight/structure, surface
diffusivity and the stability of PVD glasses with direct studies of the diffusion coefficients
at free surfaces. The tailorable molecules presented in this study provide a great framework
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for such studies. This will be a topic of our future investigations.
The other notable differences between α, α-A and the other two molecules studied here are
the larger substituent size and stronger π-conjugation in α, α-A. The strong interactions
result in more harmonic potentials as shown in Figure 31. Extended π-systems and the
larger size of the substituent could increase the barriers to rearrangement and rotation,
resulting in enhanced crystallization rate, more harmonic potentials and reduced mobility at
the free surface. Examples of enhanced intermolecular interaction affecting surface mobility
include indomethacin, which has a slower surface diffusion rate than nifedipine possibly
due to hydrogen bonding.65 Some simulations have shown that polymers containing more
rigid backbones experience a reduction in surface mobility, which would also be consistent
with our observations.66 Few studies systematically probe the relationship between the
molecular level interactions and the enhanced surface mobility. It would be interesting
to directly study such correlations in the future to understand the origins of enhanced
mobility and the variables influencing it. Extended π- systems are also of great interest
in organic light emitting systems. The ”face-to-face” π-stacking has been suggested to be
crucial in promoting charge mobility and improving device performance.[106, 204, 29, 176]
Understanding the correlation between the enhanced surface mobility and π-conjugation can
help predict material properties at nanoscale, which would be relevant to these applications.

4.5. Conclusion
We have synthesized a series of organic molecular analogues of α, α, β-TNB using a simple
method to selectively replace naphthyl substituents. We have shown that all analogues form
stable glasses upon physical vapor deposition at temperatures around Tdep =0.8-0.85 Tg .
In-depth studies on three of these compounds, α, α-P, α, α, β-TNB and α, α-A, deposited
at Tdep between 0.73Tg and 0.96 Tg shows that compared to the ordinary glasses of the
same molecules, all vapor deposited glasses have higher density, enhanced stability, lower
fictive temperature and lower thermal expansion coefficients. Relative to Tg , general trends
of stability among α, α-P, α, α, β-TNB and α, α-A were similar. At Tdep s close to Tg , the
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corresponding equilibrium super-cooled liquid limits the properties of glasses. At Tdep s
well below Tg , the glassy structures are kinetically trapped in an out-of-equilibrium state.
The most stable glasses of all of these compounds were produced around Tdep =0.8-0.85
Tg .
Despite these similarities, the anthracyl containing compound, α, α-A, formed a less stable
glass at the same relative temperature compared to α, α-P and α, α, β-TNB. We hypothesize
that this is due to reduced mobility at the free surface of α, α-A. Direct experiments on free
surfaces are needed to verify these observations. We hypothesize that the introduction of
larger substituents with extended π-conjugation affects the mobility at free surface, which
will be studied in the near future.
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4.7. Supplementary Materials
4.7.1. Deposition and Characterization of Stable glasses
Physical vapor deposition was carried out in a custom vacuum chamber. High vacuum (HV)
conditions in the chamber were achieved using a pumping station (Edwards Dry Pump and
Turbo-molecular pump (TMP)). The chamber was vacated by a dry scroll pump (Edwards
XDS35i) until a base pressure of 1.7×100 Torr had reached, then continuously pumped down
by a TMP pump (Edwards STP1003) to a base pressure less than 2×10−7 Torr. The pressure

90

Figure 32: Schematic view of HV PVD Chamber
was monitored using a combination gauge (Kurt J. Lesker 979 Series). The sample holder,
made of UHV-grade copper, was thermally connected to an aluminum plate flange. The
temperature of the aluminum flange and therefore the temperature of the copper sample
holder were controlled using an external thermoelectric temperature control setup. The
thermoelectric setup consisted of a thermoelectric module (Custom Thermoelectric TEC),
a thermistor (Oven Industries TR91-170) to measure the temperature of the aluminum
plate, a temperature controller (Oven Industries 5R7-004) with an accuracy of ±0.3 K and
a DC power supply (Mastech HY3010E). The hot side of the thermoelectric was cooled using
chilled water circulation. The temperature of the chilled water was 277-284 K. The range
of temperature accessible using this setup is 256-370 K. The temperature of the copper
sample holder inside the chamber was monitored using a thermocouple (McMaster-Carr K
type 31). Extensive tests were carried out to ensure that in vacuum a good thermal contact
between the aluminum plate and the copper plate was established. However, due to the
large size of the aluminum block and thermal contact with the flange at steady state a
small temperature difference between the sample holder and the point of measurement by
the thermistor still exists at equilibrium. All the temperatures reported in this study are
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the real temperature of the copper sample holder. The copper sample plate is equipped with
mounts for securing the sample, as well as a quartz crystal microbalance (Sycon Instrument
STM-1) for monitoring the deposition rate and the film thickness. The lowest accessible
deposition rate was 0.01 nm/s. The film thickness measured by QCM was confirmed using
ellipsometry, and the error is within 5%. The QCM crystal is held at the same height as
the sample and both the sample and the QCM were held in an upside down position during
the deposition.
Organic glass-forming compounds were placed onto alumina crucibles and loaded onto the
heating basket located at the bottom of the chamber 30 cm away from the substrate. The
heating basket was thermally heated using an external power source (TDK-Lambda Gen890-U). The input power was controlled manually to achieve a constant evaporation rate
of 0.2 nm/s. Upon initial heating, a shutter placed 10 cm away from the substrate was
used to block the substrate until the rate of 0.2 nm/s was stabilized. The shutter was then
opened to allow deposition. After the designated thickness was obtained, the shutter was
closed immediately and substrate temperature was raised or dropped to room temperature.
Nitrogen was purged into the chamber to gain atmosphere pressure and the sample was
then removed and immediately used for characterization.
Deposition at Center for Functional Nanomaterials (CFN): The two α, α-P Tdep =0.73 and
0.78 Tg samples were prepared in a vacuum chamber at the CFN center of Brookhaven
National Laboratory (BNL). These samples were prepared as follows. Silicon (100) wafers
with 1.4nm oxide layer (Virginia Semiconductor Inc.) were cut into approximately 0.8
cm×0.8 cm in size, and mounted onto the sample stage, then loaded inside the chamber.
The base pressure of the deposition chamber (RHK Technology UHV 7500) was less than
5 × 10−8 Torr. The sample stage was cooled by liquid nitrogen to 241 K and 257 K for
two separate depositions, and stabilized for at least one hour before deposition. Since
the chamber was not equipped to hold both the QCM and the sample stage at the same
time, upon initial deposition, QCM was used to detect and stabilize the evaporation rate
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at the same position where the sample stage would be held. When the rate stabilized at
0.2 nm/s, the QCM was removed. The sample stage was then transferred to the same
position and held for 1000 s. However, since the temperatures of the sample stage and the
QCM were significantly different, and the angles of the sample stage and the QCM facing
the depositing source were also different by 30, the average deposition rate was different
than the initial measured rate. Ellipsometry measurements of the thickness of these films
afterwards indicated that for Tdep=241 K and Tdep=257 K samples, the average deposition
rate was 0.4 nm/s, and 0.26 nm/s, respectively. Both depositions were repeated to obtain
two samples at each deposition temperature. The duplicated samples at the same conditions
showed the thickness fluctuations ±30 nm. Ellipsometry measurements were performed two
days after these samples were deposited and stored at room temperature.
4.7.2. Mean Square Error in Ellipsometry Fittings
Figure 33 shows the MSE error for two stable glass samples as a function of temperature:
α, α-P and TNB. The measurements to transform the as-deposited α, α-P glass into OG
was performed by heating the sample at 1 K/min to 343 K and holding it isothermally
until the transformation was complete and thickness of the film reached a constant. During
transformation, MSE increased, sometimes dramatically. We hypothesize that this is due
to the existence of a transformation growth front in these samples. The sample was then
cooled back to room temperature at 1 K/min rate. TNB sample was heated at 1 K/min to
358 K and held isothermally. After transformations were complete, the sample was cooled
back to room temperature at 1 K/min. Over the course of the measurement, MSE value
stayed constant.
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Figure 33: Mean square error (MSE) of the anisotropic model fit to the raw ellipsometry
data as a function of temperature for a 260 nm film of α, α-P deposited at Tdep = 0.78 Tg
(black) and 204 nm film of TNB deposited at Tdep =0.90 Tg . For clarity, every 1 out of 20
measured data points are presented in this figure. The unreliable fits are defined as when
the MSE value deviates from the mean MSE by more than one standard deviation, which
are presented with open symbols in this figure. These data points were not included in any
further analysis of these samples.
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CHAPTER 5 : Birefringence in Isotropically Oriented α, α-A Stable Glass
A Birefringent Stable Glass with Predominantly Isotropic Molecular Orientation, Tianyi
Liu, Annemarie L. Exarhos, Ethan C. Alguire, Feng Gao, Elmira Salami-Ranjbaran, Kevin
Cheng, Tiezheng jia, Joseph E. Subotnik, Patrick J. Walsh, James M. Kikkawa and Zahra
Fakhraai. Manuscript under review at Physical Review Letters.

5.1. Abstract
Stable glasses of organic molecule 9-(3,5-di (naphthalen-1-yl) phenyl) anthracene (α, α-A,
Tg =360 K) were produced by physical vapor deposition (PVD) in the substrate temperature
range between 0.73Tg to 0.95Tg . The intrinsic fluorescence of this molecule allows independent measurements of molecular orientation and birefringence of the stable glass films.
Angle- and polarization-dependent photoluminescence experiments showed a predominantly
isotropic orientation of the molecules with no polarization memory along the direction normal to the film. Spectroscopic ellipsometry measurements showed that all glasses deposited
in this temperature range are optically birefringent and have higher density than the liquidquenched glasses. Strong correlation was observed between the increased density and optical
birefringence, implying a common origin of both properties. Such connection may be an
indication of layering induced during vapor deposition.

5.2. Introduction
A metastable supercooled liquid (SCL) is formed by rapid quenching of a liquid to a temperature below its melting point to avoid crystallization. Further cooling slows down the
SCL’s dynamics until the system falls out of equilibrium at its glass transition temperature
(Tg ) [45, 41]. Compared to their crystalline counterparts, glasses have lower density and
reside at higher energy states on the energy landscape. Because of their out-of-equilibrium
nature, when held at temperatures below Tg , properties of glasses such as density and enthalpy gradually evolve towards their corresponding SCL state. This mechanism is termed
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physical aging. [99, 180, 181, 76, 199, 23]
Physical aging is a slow process. Experiments on ancient amber have shown that a 2%
increase in density requires aging for millions of years [230, 139]. Recent studies discovered
that physical vapor deposition (PVD) at substrate temperatures just below Tg can yield
glasses with properties similar to well-aged glasses. Compared to liquid-quenched glasses,
these stable glasses have higher density (by ∼ 1.5%) [30, 107] and lower heat capacity (by
∼ 4%) [89, 93, 4]. It has been suggested that surface-mediated equilibration (SME) during
PVD provides a route to overcome kinetic barriers for rearrangement, and achieve these
low-energy states within hours[184, 88, 188, 207, 31, 157, 26] as opposed to millions of
years.
While most properties of such stable glasses (SGs) resemble those of aged glasses, the
emergence of optical birefringence at low deposition temperatures (Tdep < 0.9Tg ) implies
significant differences between their packing arrangements. Optical birefringence is quantified as the difference between the out-of-plane and in-plane indices of refraction, with
respect to the polarization of the electric field. This property has been observed in many
PVD organic glass systems [104, 215, 216, 214, 133, 34, 63, 85].
As in liquid-crystalline systems, birefringence in PVD glasses has been interpreted as an
indication of preferential molecular orientation induced by the substrate or the free surface. For molecules with large aspect ratios, the existence of molecular ordering has been
supported by experiments [104, 215, 216, 214, 63, 85] and simulations [34, 114, 71]. A
liquid-crystalline-like order implies that PVD films generated by SME do not share the
same energy landscape as the super-cooled liquid, and thus are unable to reveal properties
of SCL at low temperatures, which is of significant interest.
However, SGs made of smaller and more isotropic molecules still show birefringence, although with a smaller magnitude [91, 30, 32, 110]. Other measures of structure such as
wide angle x-ray scattering (WAXS) [40, 36, 137, 69], Brillouin light scattering [91], and
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magnetic anisotropy [75] also indicate subtle differences between the in-plane and out-ofplane structure factor and therefore the pair correlation functions. The above differences can
not be solely explained by molecular orientation. Furthermore, sputtered metallic glasses,
which are by default made of isotropic constituents can still access a higher stability state
upon vapor-deposition [223]. Therefore, it is crucial to question whether molecular ordering
is required in producing stable molecular glasses, and whether other structural properties,
such as layered-packings in molecular systems [174], can also play a role in the observed
optical birefringence in stable molecular glasses.
In most molecular systems, it is exceedingly challenging to distinguish the role of orientation
vs. layering in the observed optical birefringence. Here, we design a unique molecule, 9-(3,5di(naphthalen-1-yl)phenyl)anthracene (α, α-A) (inset of Figure 36b)[107, 110], to decouple
these two effects. The anthracyl substituent introduces steric hindrance to resist rotations
around the central benzo ring. As such, α, α-A retains a nearly isotropic shape. Anthracyl
is also an intrinsic fluorescent tag, which can be treated as a linear absorber and emitter
to directly measure the molecule’s orientations using angle- and polarization-dependent
photoluminescence (PL)[192, 58, 12]. Since α, α-A lacks strong intermolecular interactions,
and anthracyl exhibits the largest interaction among all substituents [64], if any molecular
ordering occurs, anthracyl substituents are expected to be aligned. As such, anthracyl
orientation can be used to infer the overall molecular alignment .
Here, PL experiments show an almost zero order parameter in SME glasses at all deposition temperatures, suggesting no net alignment along direction perpendicular to the
substrate within the films. Such isotropic molecular ordering in this SG system indicates
the possibility to access low-energy liquid states using PVD. However, ellipsometry measures birefringence in these glasses, with a value that strongly correlates with the increased
density along the same direction. These observations indicate that the formation of dense
glassy states during SME may result in intrinsic birefringence in ultra-stable glasses.
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5.3. Experimental Methods
5.3.1. Sample Preparation
Details on synthesis of α, α-A, differential scanning calorimetry measurement, custom vacuum chamber, procedures of deposition are detailed in previous chapters.[110, 107] Briefly,
suzuki-cross coupling catalyzed by palladium was used to synthesize α, α-A. Five to ten mg
sample was placed in an hermatically sealed DSC pan for thermal characterization. 1 cm×1
cm pieces of RCA cleaned silicon (100) wafer (Virginia Semiconductor Inc.) were cleaned using dry nitrogen gas and mounted onto the copper sample plate using UHV grease (Apiezon
H). α, α-A was loaded onto an alumina crucible and placed inside of a basket heater. Prior
to each deposition, the chamber was evacuated using a dry scroll pump (Edwards XDS35i)
followed by a turbomolecular vacuum pump (Edwards STP1003) to reach a base pressure
of less than 5 × 10−7 Torr. Deposition rate was manually adjusted by varying the input
current, and monitored using a quartz crystal microbalance (Sycon Instrument STM-1).
Substrate temperature (Tdep ) was controlled by a thermoelectric module (Customthermoelectric TEC) and monitored by a thermistor (Ovenindustries TR91-170). The hot side
of the thermoelectric was cooled using chilled water (temperature of 277 K - 284 K). The
deposition temperature was controlled during the deposition in a range between 0.73 Tg
to 0.95 Tg (263 K to 349 K). All depositions were performed at a constant deposition rate
of 0.20±0.03 nm/s. After the designated film thickness of 190±20 nm was achieved, the
sample was brought back to room temperature and the vacuum chamber was vented using
dry nitrogen. Samples were removed from the chamber for either immediate measurements
or storage in the freezer (T=263 K) until use.
5.3.2. Anisotropy Measurements
Variable Angle Spectroscopic Ellipsometry (J.A. Woolam M-2000V) measurements were
performed at six incident angles in the range of 45 to 70 degrees with 5 degree intervals. Ellipsometric angles, Ψ(λ) (amplitude) and ∆(λ) (phase), in the wavelength range of

98

λ=600 nm-1600 nm were measured at each angle of incident. Measurements were performed
at a temperature of 296 K. The Ψ(λ) and ∆(λ) values were fitted to a three-layer model to
determine the film thickness and in and out of plane indices of refraction (Figure 34a). The
three-layer model consists of a temperature-dependent model of silicon, a 1 nm native oxide
layer, and a Cauchy uniaxial anisotropic model of the PVD film from the bottom to the
top (Schematics shown in Figure 34b). Since α, α-A is transparent in the wavelength range
of experiments, and the deposition is symmetric in the in-plane direction, Cauchy model
is an appropriate model for these measurements . In this model, the relationship between
wavelength and index of refraction is described by:

nxy (λ) = A +

B
λ2

nz (λ) = nxy (λ) + ∆n

(5.1)

(5.2)

where λ, nxy (λ) and nz (λ) are the wavelength, the wavelength-dependent indices of refraction parallel, and normal to the sample plane, respectively. A, B and ∆n are fit parameters.
Overall, four fitting parameters, including the film thickness, were used to fit the measured
ellipsometric angles of each film.
The transformations of the as-deposited glasses into liquid-quenched glasses are detailed
in our previous publication.[110] Transformations were performed on the temperaturecontrolled ellipsometry stage (Linkam THMSEL350 V, 77 K to 623 K). Transformed ordinary glasses were obtained by heating as-deposited glasses to 373 K-383 K, then isothermally
holding them there until the transformation was complete, and subsequently cooling the
sample back to 296 K (Figure 36a). The heating and cooling rates were set at 1 K/min.
The above fitting procedures were used to characterize the anisotropy and film thickness
during the transformation, but only one angle of incidence (70 degrees) was used for these
measurements.
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Figure 34: (a) Ellipsometry measured 183 nm, Tdep = 0.80 Tg α, α-A as-deposited glass.
Amplitude (Ψ) (red) and phase (∆) (blue) change as a function of wavelength. Cauchy
anisotropic model was used to fit (black dashed line). (b) Three layer model used for
ellipsometry fitting. (c) Fitted optical indices of refraction and extinction coefficients. (d)
Schematic drawing of angular-dependent polarized photoluminescence setup.
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5.3.3. Molecular Alignment
Angle- and polarization- dependent photoluminescence (PL) was used to examine average
molecular orientation in α, α-A films deposited at four deposition temperatures, 0.73Tg =
263 K, 0.77Tg = 276 K, 0.82Tg = 295 K and 0.95 Tg = 342 K. Samples were mounted on
a rotation stage and the S0 → S1 transition was excited with linearly polarized incident
light from the doubled output of a Coherent Mira laser(λ = 361 nm). The excitation
polarization was varied between p and s using a λ/2 wave plate at 355 nm. Collected PL
was polarization-selected (p or s) and polarization-selected spectra were obtained using a
home-built spectrometer, where collected PL was diffracted off a grating (400 nm blaze,
600 g/mm, Edmund Optics) and focused onto a Princeton Instruments SPEC-10 CCD
(Figure 34d). Excitation spot size was 260×780µm. Polarized PL data was collected for
each sample near the peak of the S1 → S0 transition emission (465 nm-480 nm). Samples
were rotated between -70◦ and 70◦ in 5◦ increments, and data was collected in both random
polarization and random angle order to average out the effect of laser exposure on the
sample. For each sample, four PL intensities (Iij ) were collected at every angle, Ipp , Iss , Ips ,
and Isp , where the subscripts i and j refers to the incident and collected polarization,
respectively. Each Iij was corrected for polarization-sensitive instrumental efficiencies and
angle-dependent power differences between H and V polarizations according to equation

Iij =

Fij (λe , λc , θ)
0
ηi (λe )ηj (λc )ki (λe , θ)kj (λc , θ)0

(5.3)

where ηi , ηj0 are the polarization efficiencies for excitation and collection respectively, ki
terms are the angle-dependent power differences between p and s polarizations, and Fij is
the measured PL intensity.
5.3.4. Simulation Methods
Refractive index of α, α-A single crystal in various directions was calculated using the Quantum Espresso electronic structure package (v. 5.1.1)[59] with pseudopotentials generated
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using the Opium package (v. 3.6).[1] For all solid-state calculations, the PBE functional[136]
is used with a plane-wave cutoff of 50 Ry. Monkhorst-Pack k -point grids[125] of 4 × 4 × 8
is used for anthracene calculations, and a grid of 2 × 2 × 4 was used for α, α-A calculations.
The number of bands for each system was increased until convergence of the refractive index
anisotropy. To achieve convergence, 800 bands were included in the anthracene calculation
and 3300 were included in the α, α-A calculation. For dielectric response calculations, the
band gaps were manually shifted to match experimental values of 3.7 eV [201] for anthracene
and 3.2 eV for α, α-A (Figure 35). Unit cell parameters and geometry of anthracene was
obtained from Ref. [209].

5.4. Results and Discussion
5.4.1. Stability of Vapor-deposited α, α-A Films
Figure 36a shows a measurement of stability of an as-deposited film of α, α-A (Tdep =288
K) using spectroscopic ellipsometry. Upon heating, the as-deposited film expands while
maintaining its original glassy state until the temperature well exceeds Tg . Isothermal
holding at Tg +23 K transforms the glass into SCL. Once the transformation is complete,
the film is cooled and measures Tg =360 K. The density change in the film is evaluated by the
difference in film thicknesses before and after transformation at 303 K [110]. This procedure
was repeated for films produced at various deposition temperatures with similar deposition
rates. The relative density change as a function of Tdep is shown in Figure 36b. The dashed
line represents the extrapolated equilibrium density of the SCL[31, 110]. In agreement
with our previous report [110], for the deposition rate chosen here Tdep > 0.95Tg produces
glasses with densities equal to that of the equilibrium state. Decreasing Tdep results in the
formation of kinetically trapped states, with densities larger than the liquid-quenched glass,
but lower than equilibrium SCL.
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Figure 35: (a) Normalized absorption and emission spectrum of 5 × 105 M solution of
α, α-A in toluene. Emission spectrum was collected using 350 nm excitation wavelength.
(b) Normalized absorption spectrum of 5 × 105 M solution of α, α-A in toluene (grey),
200nm liquid-quenched α, α-A film on silicon substrate fitted by ellipsometry (orange), and
drop-cast α, α-A film on glass slide (green).
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Figure 36: (a) Film thickness as a function of temperature for α, α-A deposited at Tdep =
0.80Tg = 288K, and deposition rate of 0.20±0.03 nm/s. Both heating and cooling ramps
were performed at 1 K/min. Dashed lines are linear fits to SG, liquid-quenched glass and
SCL regimes used to evaluate Tg , and relative density ∆ρ. (b) Density difference between
the as-deposited SGs and transformed liquid-quenched glasses, ∆ρ, as a function Tdep .
Filled symbols were reported in Ref.110. Half filled symbols represent values obtained in
this work. The solid line is guide to the eye. The dashed line shows the extrapolated
equilibrium SCL value. The inset shows the molecular structure of α, α-A.
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Figure 37: (a) nxy (green) and nz (orange) of the same film as shown in Figure 36a as a
function of temperature. Arrows indicate the directions of heating (red), transformation
(pink) and cooling (blue). Black arrow indicates the Tg of OG. (b) Calculated nxy (green)
and nz (orange) of as-deposited (filled) and transformed (open) films as a function of Tdep .
Two individual depositions were carried out at each Tdep . All indices were measured at T=
303 K and λ=632.8 nm. Solid lines are guides to the eye.
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5.4.2. Optical Birefringence of As-deposited Glasses
Ellipsometry was also used to simultaneously measure the in-plane (nxy ) and out of-plane
(nz ) indices of refraction in these transparent stable glasses in the wavelength range of
600 nm-1600 nm [110]. Figure 37a shows the evolution of nxy and nz at a wavelength of
λ=632.8 nm during the transformation described in Figure 36a. While a large decrease in
nz is observed during transformation, indicating reducing density upon heating, surprisingly
little change is measured in nxy . This trend holds true for all SGs in the Tdep range in this
study (Figure 38). When equilibrated to SCL, the birefringence disappears as indicated by
similar values of nxy and nz . Below Tg , a small positive birefringence emergences in the
liquid-quenched glasses, which can be attributed to the stress-optical effect [11, 79, 189] due
to the mismatch in the expansion coefficients of the glass and the substrate [32, 148]. Figure
37b shows nxy and nz of as-deposited SGs and transformed values measured at T=303 K.
nz of SGs has a strong dependence on Tdep , reaching a plateau value of 1.77 at Tdep =0.87
Tg . In contrast, nxy remains relatively constant at all deposition temperatures and is the
same as the nxy of the liquid-quenched glass of this molecule. Both nxy and nz of stable
glasses deposited at 0.95Tg and 0.97Tg are slightly higher than that of the corresponding
liquid-quenched glasses. nz of other as-deposited glasses are significantly larger than those
of liquid-quenched glasses, while nxy of both states show similar values.
5.4.3. Orientational Order of Anthracyl Substituents
To identify the role of preferential orientational order of molecules in the observed optical
birefringence, angle- and polarization-dependent PL studies were performed on α, α-A films
deposited in the range of 0.73Tg < Tdep < 0.95Tg to determine alignment of the anthracyl
substituents. The S0 ↔ S1 transitions are known to lie in the plane of anthracyl along an
axis connecting the [9,10] carbon positions, as shown in the inset of Figure 39a [10, 197].
Polarization-resolved PL is measured for the S1 → S0 transitions with four excitation
and emission polarization combinations, Ipp , Isp , Ips and Iss , where subscripts refer to the
incident and collected polarizations respectively (p- or s-polarized light), while the film is
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Figure 38: Indices of refraction nxy (green) and nz (orange) as a function of temperature
for seven α, α-A stable glasses. Deposition temperature for each sample was, 0.73Tg =
263K (a), 0.77Tg = 277K (b), 0.82Tg = 296K (c), 0.87Tg = 312K (d), 0.92Tg = 330K (e),
0.95Tg = 341K (f), 0.97Tg = 349K (g).
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rotated about a fixed axis. Two PL intensity ratios, Ipp /Isp and Ips /Iss , chosen in order
to cancel instrumental efficiencies and angle-dependent power differences in the collection
line, are calculated for each angle over a 15 nm bandwidth about the peak emission of the
α, α − A films (465-480 nm) (Materials and Methods, Molecular Alignment, Supplementary
Material Figure 41).
Angle- and polarization-dependent PL ratios were analyzed by simulating the angle-dependent
PL from α, α-A films as a pressed spherical distribution of linear anthracyl substituents.
Each individual anthracyl was modeled as a linear absorber and emitter with perfect polarization memory, the dependence of the PL emission polarization on the absorbed polarization direction, because the S0 ↔ S1 transitions are parallel to one another. When a
collection of these linear molecules is considered, however, the perfect polarization memory
restriction may be relaxed due to the possibility of inter-molecular energy transfer in the
films. Monte Carlo simulations (See Supplementary Materials) modeling the angle- and
polarization-dependence of the PL from a collection of these anthracyl substituents in the
limit of both full and zero polarization memory were used to replicate the experimental data
and extract a nematic order parameter, Sz = (3 cos2 θ − 1)/2, which describes the orientation angle (θ) of the S0 ↔ S1 transition axis in the substituent with respect to normal and
thus quantifies the alignment of anthracyl substituents in the α, α-A films. Sz ∈ [−0.5, 1],
where Sz = −0.5 (Sz = 1) corresponds to the S0 ↔ S1 transition axis aligned parallel
(perpendicular) to the film and Sz = 0 implies no net alignment along z. The best fit
order parameters are shown in Figure 39a. Error bars were determined by varying Sz and
computing the mean squared error (MSE) between the model and our fit, then using this
information to determine the values of Sz above and below the optimal Sz value that cause
the MSE to double relative to its minimum value. For all deposition temperatures, the
simulations which best fit the angle- and polarization-dependent PL data suggest that the
orientation of anthracyl substituents is predominately random along z direction (Sz near
0). Because the anthracyl substituent is the strongest π − π interacting part in α, α-A, if
there exists ordering in the molecules due to substrate or surface interactions, one would
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expect the anthracyl substituents to order more strongly than the naphthyl substituents.
As such the predominantly random orientation of anthracyl indicates random orientation
of the molecules.
5.4.4. Maximum Theoretical Birefringence Due to Ordering
One can reasonably question whether the small birefringence here represents an orientational order too small to be detected by PL. To rule this out, we compare the maximum
birefringence in SGs with the DFT calculated value in crystal unit cell. The estimated
birefringence in α, α-A crystal is 0.036, taken as the difference between index of refraction
along the PL measured anthracyl’s S0 ↔ S1 transition direction vs. that along orthogonal
directions (SI, DFT unit cell) [59, 1]. ∆n=0.03, the maximum birefringence measured in
SGs, would require a crystal-like ordering. Since DFT is subject to error, an upper bound
of ∆n=0.13 is estimated in anthracene crystals [126], with one principal axis projected to
anthracene’s S0 ↔ S1 transition axis (SI, Comparison with Anthracene Crystal). ∆n=0.03
is large compared to that in the most-ordered packing of anthracene and will require 1/4 of
the molecules to order. As such, to achieve ∆n=0.03 in SGs by orientation would require
significant ordering of α, α-A molecules.
5.4.5. Discussion
In PVD glasses with preferential molecular alignments, deposition at temperatures below
0.8 Tg typically yields negative optical birefringence (∆n = nz − nxy < 0) [216, 214, 218,
34, 105, 32, 31]. At these low temperatures, the long axes of the immobile molecules
predominantly orient parallel to the substrate. Such alignment is initiated by substrate
interactions, and templates the film with an average in-plane orientation [216, 34, 63, 85].
In contrast, deposition above 0.8 Tg results in positive birefringence (∆n > 0). The positive
value implies alignments normal to the free surface, which has been hypothesized to originate
from preferential ordering of molecules in layers immediately below the free surface during
vapor deposition [34, 114, 75, 72]. Since this type of birefringence due to molecular alignment
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Figure 39: (a) Orientational nematic order parameter, Sz , vs. Tg as determined from
simulated fits to angle- and polarization-dependent PL data from α, α-A films. All samples
indicate isotropic orientation of the anthracene substituents. (b) Single crystal unit cell of
α, α-A.
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relies on the anisotropic shape of the molecule, one would expect to measure isotropic
orientation, or zero birefringence, in stable glasses of nearly isotropic molecules, such as
α, α-A.
Indeed, PL experiments confirm that α, α-A molecules adopt predominantly isotropic orientations along the direction normal to the film at all Tdep values (Figure 39a). We attribute
this phenomenon to the built-in steric hindrance of the molecules which prevent them from
assuming a planar geometry, even in their crystal form as shown in Figure 39b. However,
as shown in Figure S3 of SI, stable glasses of α, α-A are birefringent at all deposition temperatures. Furthermore, the value of birefringence remains positive even for the glasses
deposited at the lowest deposition temperature in this study (0.73 Tg ), ruling out in-plane
orientation of the molecules at low deposition temperatures. To the best of our knowledge,
this is the first stable glass system that does not show negative birefringence at low Tdep .
The increase in birefringence is almost entirely due to the increasing nz as shown in Figure 37b. If optical birefringence in these samples originates from molecular orientation,
increased index of refraction in one direction (nz ) due to dipole alignment in that direction
would be accompanied by decreased index values in the other two directions (nxy ), keeping
the average index of refraction constant. Here, increasing nz is decoupled form nxy , which
remains constant at Tdep is decreased. As such, factors other than preferential molecular
ordering must be considered for increased birefringence.
A comparison between Figures 37b and 36b shows that birefringence is correlated with increased density. Figure 40a shows that indeed there is strong correlation between density
and nz (r =0.980), as well as density and birefringence (r =0.975). To understand this
trend, we note that in the transparent region, away from the band gap, the polarizability
and as such the index of refraction originate from the strength of the induced transition
dipoles, and the polarizability can be related to the strength of the local electric field through
the Clausius-Mossotti relationship [162]. As the density increases at lower deposition temperatures, the local electric field, and thus the average index of refraction must increase.
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Furthermore, according to Ref. [112], even with isotropic dipole orientations, differences
or anisotropies in packing dimensions alone can lead to birefringence in a material. More
precisely, consider the extreme limit of a solid crystal with transition dipole moments oriented randomly at every site. Using the relationship between polarizability and transition
density, this limit is equivalent to a solid crystal with random site polarizability. If the
crystal is cubic, with equal spacings among sites in all three spatial directions, the standard
Clausius-Mossoti relationship (which sums up long-range dipole forces) would imply that
the crystal will not be birefringent. However, Ref. [112] demonstrates how, for the case of
asymmetric geometric packing (i.e. with different packing in different spatial directions),
the total macroscopic field will be different depending on the direction of the applied external fields (and thus lead to birefringence). This birefringence arises because the local
field at one lattice site feels long range effects from the infinitely many other lattice sites,
and since those lattice sites have an asymmetric packing, the dipoles in certain directions
contribute more to the self-consistent polarization.
Now, given that nxy is insensitive to the deposition conditions, one must also presume that
the packing along the xy-plane, and as such the pair correlation function along the xyplane direction is also insensitive to the deposition conditions. Therefore, we hypothesize
that the observed birefringence is caused by decreasing the out-of-plane spacing between
the molecules in the direction normal to the plane to allow the glass to obtain a larger,
three-dimensional density (on average).
To rationalize these observations, we consider the nature of surface-mediated equilibration
process. Simulations have indicated that during deposition, the molecules mostly relax inplane, and equilibrate into lower energy states while forming a layered structure along the
normal direction to the substrate [174]. While the molecules are able to equilibrate near
the free surface, they are trapped in a layered configuration once buried. Earlier wide angle
X-ray spectroscopy (WAXS) experiments by Dawson and Ediger on indomethacin stable
glasses [36] observed that the in-plane structure was very similar to that of ordinary glass,
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with an extra anisotropic peak that was observed in the out of-plane direction. Future
WAXS or other structural studies on α-α-A can directly measure pair correlation functions
in-plane and out of-plane to investigate the details of the anisotropic layered packings in
this system.
Many properties of stable glasses are analogous to those of aged glasses. In particular, the
evolution of the density towards the super-cooled equilibrium line suggests that the SME
process is similar to aging of a liquid-quenched glass, but with a significantly faster rate.
It is therefore possible that the enhanced mobile layer induces a layer with enhanced aging
rate beneath, similar to those observed in polymeric glasses [146, 145, 147, 169, 170]. One
can then argue that the density potentially continues to increase even when molecules are
buried below the enhanced mobile layer. Since the system is constrained in the xy direction
by the substrate, one would expect the increased density due to this additional aging to
only affect the intermolecular distance in the normal direction. This is consistent with
the observation of increased nz , without changes in nxy , which is hard to justify otherwise.
Direct measurements of aging can elucidate whether this phenomenon is important in stable
glass formation and will be performed on α-α-A in the future. This would also then imply
that on a softer substrate, one may be able to obtain isotropic stable glasses for isotropic
molecules.
Whether stable glasses have the same packings as aged glasses or are more liquid crystalline
in nature is an important question. In particular, the former would allow one to gain
insight into properties of super-cooled liquids at temperatures where it was experimentally
inaccessible in the past, to address important questions such as how the system avoids the
Kauzmann crisis [87]. However, prior to this study, the observation of alignment-induced
birefringence seemed to favor the later scenario. Here we show the possibility of achieving
high-density stable glass states without orientational order, which can provide important
information about the surface-mediated equilibration process, as well as the nature of lowenergy equilibrium liquids. Furthermore, our studies shows that birefringence is not always
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Figure 40: (a) Correlation of ∆n to density change (black) and nz to density change (orange).
Values of all 16 measured samples were reported. (b) Molecular packing in the most (Tdep =
0.73 Tg ) and least (Tdep = 0.95 Tg ) anisotropic α, α-A glasses with random orientation.
a sign of molecular alignment in stable glasses. One must decouple the effect of packing
from orientation using other experimental tools.

5.5. Concluding Remarks
We demonstrated that optical birefringence in stable glass systems may be due two independent effects, molecular orientation and layered packing. The observation of optical
birefringence alone is not adequate to conclude oriented packing. More importantly, we
illustrate that obtaining high-density glasses does not by necessity require semi-crystalline
packing. Angle- and polarization-dependent photoluminescence measurements showed that
along the direction normal to the film, stable glasses of α, α-A produced over a wide deposition temperature are isotropic and lack any molecular orientation due to substrate or free
surface effects. However, birefringence was observed in these glasses with a value that is
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strongly correlated with enhanced density at all deposition temperatures. We hypothesize
that birefringence in α, α-A stable glass is due to enhanced aging rates in layers below the
mobile surface. The enhanced aging rate combined with substrate constrains may result in
anisotropic layered packings which illustrates strong correlation between the degree of aging, or increased density with birefringence. The above results inform us on the properties
of low-energy glassy systems and the possibility to produce stable glasses that share the
same energy landscape as well-aged liquid-quenched glasses.
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5.7. Supplementary Material
5.7.1. PL Correction
For each sample, 4 PL intensities were collected at every angle of the rotation stage: Ipp ,
Iss , Ips , and Isp , where the subscripts refer to the incident and collected polarizations
respectively and p (s) corresponds to p-polarized (s-polarized) light. Each measured Iij must
be corrected for polarization-sensitive instrumental efficiencies as well as angle-dependent
power differences between p and s polarizations in the excitation and the collection. The
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PL intensities are of the form

Iij =

Fij (λe , λc , θ)
,
0
ηi (λe )ηj (λc )ki (λe , θ)kj (λc , θ)

(5.4)

where ηi and ηj0 are the polarization efficiencies for the excitation and collection respectively, the ki terms account for the angle-dependent power differences between p and s
polarizations, and Fij is the experimentally measured PL intensity. Plotting the data as ratios Ipp /Isp and Ips /Iss cancels out the instrumental efficiencies and angle-dependent power
differences in the collection line. For example,
ηs (λe )ks (λe , θ)Fpp (λe , λc , θ)
Ipp
.
=
Isp
ηp (λe )kp (λe , θ)Fsp (λe , λc , θ)

(5.5)

We measure the excitation instrumental efficiency ratio ηp (λe )/ηs (λe ) with a power meter
placed just before the sample as we vary the incident polarization. Subsequently recording
the power of the reflected excitation off the sample at both p and s polarizations over the
full angular range allows us to determine kp (λe , θ)/ks (λe , θ) for each sample. Figure 41(ab) shows, for samples deposited at various temperatures, the excitation-bias-corrected PL
intensity ratios before the sample-air correction shown in Figure (41(c)) is applied. Figure
41(d-e) show the fully-corrected angle dependence of the polarized PL ratios. Once the data
is fully-corrected, both ratios ∼ 1 and show very little angle-dependence. We note that the
internal angle will differ from the laboratory angle (θ) due to refraction. For thin films,
or close to the surface of a thick film, determining the internal angle is non-trivial because
there exists an “extinction length” over which the incident wave is replaced by the refracted
wave. Some have estimated this length to be of order L ∼ λ/2πn, where n is the index.[14]
In our case, the film thickness is ∼2-3 times L and the actual internal angle will therefore lie
somewhere between θ and θ0 ≡ sin−1 (sin(θ)/n). (A smaller effect is that due to substrate
reflections, which are suppressed because the index of the sample is relatively close to that
of the substrate (1.5), leading to a Fresnel factor |(n1 − n2 )/(n1 + n2 )|2 < 1%.) Refractive
angle considerations would normally significantly complicate the analysis, as the angle will
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vary with depth. However, because no angluar dependence was observed in our data, use
of either θ or θ0 , or any angle in between yields the same conclusions when compared to the
model in the following sections.
5.7.2. Linear Absorber and Emitter PL Model
To model the polarized PL dependence of α, α-A, we note that the S0 ↔ S1 transitions
accessed with our measurements lie parallel to one another, meaning that we can treat
the anthracyl substituents as uniaxially anisotropic absorbers and emitters. As such, we
consider a collection of linear one-dimensional absorbers and emitters randomly arranged
orthogonally to the substrate. In this case, the PL intensity is well modeled by relating
the optical anisotropies for absorption and emission to the polarized PL intensities in a
separable form. The PL intensity for any single linear molecule in the absence of any intermolecular interactions is then given by I = (aij Eiin Ejin )(ekl Ekout Elout ), where a (e) is the
~ in (E
~ out ) is
molecular optical anisotropy rank two tensor for absorption (emission) and E
the excitation (collection) electric field [42, 96]. i, j, k, and l correspond to the molecular
axes. Only the projection of the incident and collected electric fields orthogonal to the plane
of the substrate are nonzero as the S0 ↔ S1 transition axis of the anthracyl substituent is
taken to point orthogonally to the plane of the film. Furthermore, both optical anisotropy
tensors consist of just one nonzero element since the probability for absorption and emission
is nonzero only when the electric field oscillates parallel to the S0 ↔ S1 axis of the molecule.
The PL intensity due to one anthracyl substituent is then

2
out 2
I ∝ ak |Ein
k | ek |Ek | ,

(5.6)

where Ek is the projection of the electric field onto the PL transition axis of the molecule
and ak and ek are the nonzero elements of the absorptive and emissive optical anisotropy
tensors. As the sample is rotated by θ, the projection of the p-polarized incident and
collected electric fields on the S0 ↔ S1 transition axis is given by Ek sinθ.
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Figure 41: (a-b) Polarized PL intensity ratios as a function of laboratory angle, θ, before
applying the angle-dependent air-sample interface transparency correction. Data has been
corrected for excitation polarization bias. (c) Ratio of air-sample transparency factors for p
and s polarizations at 361 nm as a function of sample angle. (d-e) Fully-corrected polarized
PL intensity ratios as a function of laboratory angle θ. Also shown is θ0 ≡ sin−1 (sin(θ)/n),
where n is the average index of refraction. In the limit of a thick film, θ0 would be the
internal angle of refraction.
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5.7.3. Monte Carlo Simulation of Linear Absorbers and Emitters
A Monte Carlo simulation with a pressed spherical distribution of rods representing the
S0 ↔ S1 transition axis of anthracene is performed to model the angle dependence from
a collection of the linear absorbers and emitters. We begin with a random distribution of
rods with length r = 1 whose positions on the surface of a sphere are given by
p
1 − z 2 cos(α)
p
y = 1 − z 2 sin(α)
x=

(5.7)

z=z
where z ∈ [−1, 1] and α ∈ [0, 2π] and both are random.
We then induce molecular orientation by stretching the random distribution along the ẑ
axis, which we define to be orthogonal to the x̂ − ŷ plane of the α, α-A film. The stretch in
ẑ by a fixed amount, a, corresponds to a compression in x̂ and ŷ by the same amount and
stretched sample coordinates are

X = x/a

(5.8)

Y = y/a

(5.9)

Z = za,

(5.10)
(5.11)

where R =

√

X 2 + Y 2 + Z 2 is the stretched rod length. The normalized coordinates of the

resultant anisotropic distribution are given by X̃ = X/R, Ỹ = Y /R, and Z̃ = Z/R. We
now have an anisotropic spherical distribution of rods representing some level of optical
anisotropy due to orientational order. We quantify the level of ordering along ẑ at some
value of the stretching parameter through the nematic order parameter, Sz , where Sz =
(3 < Z̃ 2 > −1)/2. Sz ∈ [−0.5, 1], where Sz = −0.5 corresponds to molecules for whom
S0 ↔ S1 transition axis (which is parallel to ẑ) lies in the plane of the film, Sz = 0 is
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an isotropic distribution, and Sz = 1 corresponds to the S0 ↔ S1 transition axis pointing
orthogonally to the film.
In order to model the angle dependence of polarized PL from the anisotropic distribution
of linear absorbers and emitters, we apply a rotation to the distribution (X̃, Ỹ , Z̃) about X̃
by θ. In the laboratory reference frame (u, v, w),
u = X̃
v = Ỹ cos(θ) + Z̃sin(θ)

(5.12)

w = −Ỹ sin(θ) + Z̃cos(θ).
The absorbed polarized intensities are determined by projecting the p- and s-polarized
electric fields onto the sample and are given by
Ap = v 2
(5.13)
As = u2 .
The emitted intensity is determined with a similar projection of the electric fields onto the
sample, scaled by the evolved absorbed intensities.
We model the angle dependence of the PL for the resulting collection of linear absorbers
and emitters in two limiting cases: full and no polarization memory, where polarization
memory refers to the polarization preservation of the absorbed electric field in the emitted
electric field. In the full polarization memory limit, the linear nature of the absorbers and
emitters is preserved by the distribution as a whole, in which case each molecule absorbs
and emits light according to the projection of the incident and collected electric fields along
the S0 ↔ S1 transition axis. However, in the zero polarization memory limit, we allow
for the possibility of inter-molecular energy transfer between slightly misaligned molecules
(i.e. via FRET), in which case even linear molecules with the S0 ↔ S1 transition axis
aligned orthogonally to the excitation polarization could still be excited. In our model, the
polarized PL intensity in the full (zero) polarization memory limit is given by IijP L = Ai Ej
120

(IijP L =< Ai > Ej , where Ai is the absorbed intensity and Ej is the collected electric field
projection for either the s or p polarizations:
Ep = v 2
(5.14)
2

Es = u .

The angle dependence of simulated polarized PL ratios for full and no polarization memory
for various molecular orientations (denoted by the value of Sz ) is shown in Figure 42,
where we form intensity ratios Ipp /Isp and Ips /Iss in order to simulate the experimentally
measuared PL corrected intensity ratios in Figure 41(d-e). In the case where no polarization
memory is present (Figure 42(a-c)), both the Ipp /Isp and Ips /Iss ratios behave in the same
way as a function of angle, whereas a collection of linearly absorbing and emitting molecules
displaying full polarization memory shows very different angle-dependence for Ipp /Isp and
Ips /Iss (Figure 42(d-f)). The PL corrected data in Figure 41(d-e) show similar behavior to
Figure 42(b) for all samples studied, suggesting that the anthracene molecules in the films
are isotropically oriented and that the films display no polarization memory.
We determine Sz for the experimental data by minimizing the sum mean square error
(MSE) of simulated fits to Ipp /Isp and Ips /Iss to the corrected angle-dependent polarized
PL ratios. Changes in the MSE as a function of order parameter are shown in Figure 43
and the minima correspond to the best fit order parameters shown in the main text. Error
bars correspond to the range in Sz for which the MSE doubles. Fits to the data indicate
that the orientation of anthracene molecules is predominately random (Sz near 0) and that
no polarization memory exists.
5.7.4. Crystallization and X-ray Diffraction
α, α-A (20 mg) was dissolved by 2.0 mL n-pentane, and the resulting colorless solution was
filtered through a short pad of cotton packed in pipette. The clear n-pentane solution was
then left still in an open vial to yield colorless crystalline solids.
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Figure 42: Simulated PL intensity ratios as a function of angle for linear absorbers and
emitters with no (a-c) or full (d-f) polarization memory. In each polarization memory case,
the intensity ratios are modeled for alignment in-plane (a = 0.1, Sz = −0.5), isotropic
alignment (a = 1, Sz = 0), and alignment orthogonal to the film (a = 10, Sz = 1).
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Figure 43: (a) Total mean square error (MSE) for Ipp /Isp and Ips /Iss vs. Sz determined by
comparing excitation polarization bias corrected data and simulation.
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Table 3: α, α-A and anthracene indices of refraction along three lattice axes from simulation
λ(nm) na
nb
nc
max∆n
α, α-A
632.3
1.7423 1.6854 1.7606 0.0752
Anthracene (lit.)[126]
1.7029 1.7146 1.9596 0.2567

5.7.5. DFT α, α-A Crystal Unit Cell
Since we could not access large enough single crystals to measure optical properties directly,
DFT calculations were performed on the single crystal of α, α-A obtained by crystallography
to evaluate the birefringence. Fig. 44A shows the simulated indices of refraction along the
lattice axes of the crystal unit cell of α, α-A. The values of indices at 632.3nm are listed in
Table 3.
Since angle- and polarization- dependent PL measures the order parameter of the anthracyl
S0 ↔ S1 transition dipoles, we performed a projection of α, α-A crystal full dielectric
tensor to better represents this PL geometry. We construct a new PL-coordination consists
of the S0 ↔ S1 transition axis of the anthracyl substituent, and an orthogonal plane to
this axis without pointing in any particular directions. The dielectric function of the new
set is obtained by applying a rotational matrix to the current crystal-lattice coordination.
Fig. Figure 44B shows the projected indices of refraction of α, α-A unit cell. The values of
indices of refraction after projection are listed in Table 4. Since nP L is smaller than both
northogonal1 and northogonal2 , to obtain a positive birefringent value in α, α-A stable glass by
molecular orientation would require the PL axes of anthracyl substituents to align parallel to
the substrate. The maximum birefringence (max∆n) calculated under this PL-coordination
is 0.036, and compared with the maximum birefringence found in α, α-A stable glasses of
0.03, to achieve this degree of orientation solely by molecular orientation would require an
almost crystal-like packing.
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Figure 44: (a)Indices of refraction of α, α-A single crystal unit cell along three lattice axes
from simulation. (b) Indices of refraction of α, α-A single crystal unit cell after a change
of coordinate. nP L is the refractive index along the PL axis of anthracyl substituent.
northogonal1 and northogonal2 constructs an orthogonal plane to the PL axis without pointing
in any particular direction.

Table 4: α, α-A and anthracene indices of
λ(nm)
α, α-A
632.3
Anthracene (lit.)[126](rot1)
Anthracene (lit.)[126](rot2)

refraction after projection
nP L
northo1 northo2
1.7059 1.7419 1.7410
1.7292 1.7833 1.8601
1.7378 1.7972 1.8385
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onto PL-axis
max∆n
0.0360
0.1309
0.1006

5.7.6. DFT Anthracene
The simulation package is tested by running anthracene crystal unit cell. Similar to a
change-of-coordination done on α, α-A single crystal, we performed a projection of anthracene’s full dielectric tensor to PL-coordination. There are two possible directions of
S0 ↔ S1 PL transition dipoles in anthracene crystals (Figure 45), and we performed projections with respect to both (Figure 46). After the projection, the index of refraction along
anthracyl S0 ↔ S1 axis is denoted as nP L . The other n components (northo1 , northo2 ) are
calculated from an orthogonal plane to the anthracyl S0 ↔ S1 axis. We also applied the
projections of the literature anthracene crystal indices to the PL-coordinate (values listed
in Table 4). Under PL-coordination, the literature values yield a maximum birefringence of
0.13. Compared to α, α-A single crystal, anthracene single crystal is more ordered. However, nP L is lower than indices in other directions, and the maximum birefringence is only
0.13. Figure 47 shows a comparison between simulated and literature anthracene indices of
refraction, before and after projections.
5.7.7. Comparison with Anthracene Crystal
We note that DFT does not completely capture the exact value of the index of refraction of
α, α-A. Figure 48 shows that the calculated value of the average index of refraction is lower
in the DFT calculated crystal compared to the experimentally measured average (isotropic)
index of refraction. As such, the maximum value of calculated anisotropy is also subject to
an unknown degree of error.
While experimental index of refraction data is not readily available for α, α-A crystals, the
values for the antharacene crystal and its full dielectric tensor have been reported in the
past [126]. Anthracene’s indices of refraction along the lattice axes are listed in Table 3. We
expect the antharacene crystal to have a larger anisotropy compared to the more disordered
α, α-A crystals. As such, the projected anisotropy of anthracene crystal can be used as an
upper bound value for that of α, α-A.
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Figure 45: Single crystal unit cell of anthracene. Black and grey arrows represent two
transition dipoles in anthracene.
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Figure 46: (A) Indices of refraction of anthracene single crystal unit cell along three lattice
axes from simulation. (B) Indices of refraction of anthracene single crystal unit cell after
projection1. nP L is the refractive index along the PL axis indicated as black dashed arrow
in Figure 45. (C) Indices of refraction of anthracene single crystal unit cell after projection2.
nP L is the refractive index along the PL axis indicated as grey arrow in Figure 45.
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Figure 47: (A) Indices of refraction of anthracene single crystal unit cell along three lattice
axes from simulation. (B) Indices of refraction of anthracene single crystal unit cell after
projection1. (C) Indices of refraction of anthracene single crystal unit cell after projection2. Orange and purple boxes indicate the values obtained from simulation and literature
respectively.
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Similar to a change-of-coordination done on α, α-A single crystal, we performed a projection
of anthracene’s index of refraction to PL-coordinates. First, the indices of refraction along
the anthracene crystal-lattice directions are squared to obtain the diagonal elements in the
dielectric tensor (r ).



0
0 
2.62



r = 
0
2.94
0




0
0
4.08
Then the first row of r is projected onto the new axis defined by the anthracene’s S0 ↔ S1
PL transition dipole. The remaining rows are orthogonalized to the S0 ↔ S1 PL transition
dipole. Lastly, all three rows are normalized. Since there are two possible directions of
S0 ↔ S1 PL transition dipoles in anthracene crystals (Figure 45), we performed projections
with respect to both. After the projection, the index of refraction along anthracyl S0 ↔ S1
axis is denoted as nP L , and the other n components are denoted as northo1 and northo2 (values
listed in Table Table 4). Under PL-coordination, the literature values yield a maximum
birefringence of 0.13 and nP L is lower than indices in other directions. For stable glass to
have a birefringence of 0.03, roughly 1/4 of the molecules have to be ordered under this
upper bound condition.
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Figure 48: Averaged index of refraction squared calculated by 2×n2xy + n2z for α, α-A stable
glass measured via ellipsometry (red), and n2a + n2b + n2c calculated by DFT for α, α-A single
crystal (blue).
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CHAPTER 6 : Exceptionally Long Dynamical Correlation Length-Scale in
Amorphous Selenium
Exceptionally long dynamical correlation length-scale in thin films of amorphous selenium,
Tianyi Liu, Richard Stephens and Zahra Fakhraai. Manuscript in preparation.

6.1. Abstract
The relaxation dynamics of supported polymer and organic molecular films exhibits a transition from glassy to liqiud-like when the film thickness is reduced below 30nm. Here, we
use cooling rate-dependent Tg measurements to demonstrate in this work that an inorganic
network glass, amorphous selenium, exhibits a similar transition, but at a much larger
thickness of 400nm. This observation suggests a much longer-range correlated dynamics in
amorphous selenium than observed before. The result can help elucidate the origin of enhanced dynamics in thin glassy films, and also broaden the existing literatures on correlated
dynamics in amorphous thin films.

6.2. Introduction
The free-surface effect on the enhanced dynamics in ultra-thin films has long been a subject of interest both from a fundamental scientific view[49, 51, 135, 46] and an industrial
insight.[202] Experiments[94, 146, 52, 212, 147, 62] and theory[130, 200, 169] on ultra-thin
films have shown that their average dynamics, glass transition temperature (Tg ) and mechanical moduli[177, 131] change significantly compared to their respective bulk properties.
When thickness of the film decreases, the free-surface effects dominate and thus the film’s
property diverges from that of the bulk more significantly.
Various materials, such as organic molecular,[228] inorganic,[220] composite,[28, 156, 132]
and polymeric systems [94, 146, 52, 212, 147, 135, 62] all have been produced into ultrathin films where the properties differ from their bulk counterparts. Specifically, ultrathin polystyrene films have been extensively studied and depending on the experimental
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conditions, supported polystyrene films show a decrease in Tg once the thickness is below 60
nm.[56, 57, 168, 50, 49, 193, 200, 130, 62] Due to the convolution between molecular weight,
chain entanglement and measured Tg change in polymeric system, confinement effect on
polymeric films cannot be directly translate to molecular and atomic glass systems. The
surface of molecular glasses has been proven to be highly mobile than the bulk therefore
enhanced thin film dynamics is expected. [232, 21, 226, 160, 51, 35, 229, 227] Few studies
focused on enhanced dynamics of small organic molecular thin films.[151, 22, 228] Tg and
fragility of supported organic molecular film also decreases sharply at thicknesses below 40
nm.[228] Signs like dewetting, surface hole growth all prove the instability in thin films as
a liquid-like surface starts to become dominant.[228]
Using the apparent activation energy for rearrangement (Ea) as a measure of average film
dynamics, which is proportional to fragility multiply by Tg , both polystyrene[52, 62, 61]
and organic molecular films[228] interestingly show the mid-point of transition from bulk to
liquid-like at around 30nm. Interpreting from the appearance of second Tg due to enhanced
dynamical heterogeneity, P2VP film also shows the length-scale of gradient to reach at least
30nm. That is, regardless of the constituents in the above-mentioned films, the interfaces
and bulk glass together facilitate the average dynamics within the film at a relatively large
length-scale of 30 nm. These examples show that the length-scale of correlated dynamics is
more associated with the glassy behavior, rather than depend on chemistry or fragility.
Despite of many efforts in characterizing the confinement effect in thin films, due to the
vast variety of materials, and the ununified interactions among constituents that make up
the film, such outcome remains unclear. Whether the same correlated dynamic length-scale
of 30 nm also applies to other glasses, or more generally, if the confinement effect exists
in other types of glassy systems remain as critical questions. To simplify the system and
minimize the type of interactions among each individual constituents within the film, here
we choose physical vapor-deposited (PVD) amorphous selenium (a-Se) (bulk Tg =303 K, see
supporting information SI for details) as a subject to investigate. As an excellent inorganic
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glass former, a-Se is also uniquely the simplest both in structure and accessibility. The
valence 2 selenium atoms form twisted chains with random chain lengths strongly inhibiting
crystallization. [119] Its single component nature eliminates any question of stoichiometry
and local concentration gradients. Many properties of a-Se, such as structural,[77, 97, 152,
164, 213] viscoelastic,[16, 18, 220] viscosity,[179, 140, 159, 211] glass transition[141] and
aging behavior[68] have been extensively studied in the past. In this study, we produce a-Se
films by PVD and use spectroscopic ellipsometry to monitor film thickness change during
cooling rate-dependent Tg (CR-Tg ) measurement. CR-Tg is then used to characterize Ea
in a serious of a-Se films with thicknesses ranging from 50 nm to 3000 nm.

6.3. Experimental Methods
6.3.1. Differential scanning calorimetry measurement (DSC)
DSC (TA Instrument Q2000) was used to determine thermal properties of selenium. 9mg of
selenium bead was placed into a DSC aluminum pan with hermetic lid seal (TA Instrument).
The sample was heated from 273 K to 523 K at 10K/min and subsequently cooled back to
273 K at the same rate. A repeating measurement was done using the same parameters on
the same sample. Tg was obtained by calculating the average between the onset and offset
of the transition upon cooling, and determined to be 306 ±1 K. Figure 49 shows cooling
curve for both trials. This value matches the Tg determined by ellipsometry measurement
of 3000 nm film, cooling at the same cooling rate of 10 K/min.
6.3.2. Physical vapor deposition
Details of our deposition method were reported previously [111]. Se beads (99.999%) were
mounted into an aluminum oxide crucible and annealed in a separate vacuum oven at 573 K
until fully melted. The crucible was then loaded into a basket heater in a custom chamber
with a base pressure of less than 3 × 10−7 Torr. RCA cleaned silicon 100 wafers (1 cm×1
cm, Virginia Semiconductor Inc.) were attached to a copper sample holder and used as
substrates. Temperature of the substrate was controlled to be 267 ± 3 K during depositions
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Figure 49: Differential scanning calorimetry showing Cp (arbitrary unit) as a function of
temperature of bulk selenium Tg =306 K. The measurement was repeated.
of all films by a thermoelectric module (Customthermoelectric TEC). Deposition rates were
controlled as 0.20-0.25 nm/s for all films and monitored by a quartz crystal microbalance
(Sycon Instrument STM-2).
6.3.3. Ellipsometric Dilatometry measurement
Spectroscopic ellipsometer (J.A. Woolam M-2000V, wavelength range 370 nm-1600 nm) was
used to perform CR-Tg measurements using six different rates ranging from 60 K/min to
1 K/min (Figure 51) Dry nitrogen gas was constantly flown in-and-out from the sample
cell to prevent water condensation. A custom lid with two long-pass filters (1000 nm,
Thorlabs) was used to truncate short wavelength below the band gap of a-Se (680 nm)
to avoid excitation (Figure 52). Ellipsometric angles Ψ(λ) and ∆(λ) (λ from 1000 nm
to 1600 nm) were measured each second with zone averaging at an acquisition angle of
70 degrees (Figure 50). A three layer model with a fixed roughness=1 nm consists of a
temperature-dependent silicon substrate, 1 nm native oxide layer, and a Cauchy model for
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Figure 50: Two ellipsometric angles Ψ (orange) and ∆ (green) measured as a function of
wavelength for a 3000 nm a-Se film.
a-Se from bottom to top was used to fit Ψ(λ) and ∆(λ). For films thicker than 200 nm,
relationship between index of refraction and wavelength is described as n(λ) = A +

B
λ2

(k(λ)=0) in the Cauchy model; where due to a short path-length, n(λ) = A (k(λ)=0)
with a fixed B=0.1 was used for films between 50 nm-200 nm. Overall, three (or two) fit
parameters, A, B (depending on thickness) and thickness (h) were fit to 172 Ψ(λ) and ∆(λ)
data points at every time point. Each sample was secured and annealed at 323 K until
thickness becomes constant on a temperature-controlled ellipsometry stage prior to CR-Tg
measurement (Linkam THMS600, 77 K to 623 K). Every sample was kept in dark at all
time during ex-situ transportation and measurement.

6.4. Results and Discussion
Figure 53 shows a collection of seven cooling curves of a-Se films with different thicknesses
using the same cooling rate (10 K/min). The good overlap among the super-cooled liquid
(SCL) regions demonstrates that these films of different thicknesses share the same supercooled equilibrium. Analyzing from cooling curves of films thicker than 570 nm, the apparent
thermal expansion coefficients of SCL (318-323 K) and glass regions (283-290 K) were
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Figure 51: Temperature (top) and thickness (bottom) profiles of CR-Tg measurement of a
3000 nm film. Upon cooling at each rate, the temperature was decreased from 323 K to 283
K. In between each cooling ramp, the film was heated back to 323 K and held for 1 minute
for equilibrating.
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Figure 52: Custom lid with two long-pass filter (1000 nm) installed at 70 degrees with
respect to normal built to eliminate excitation below a-Se band gap (680 nm) during measurement. The samples were secured by two teflon screws.
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Figure 53: Normalized film thickness as a function of temperature during cooling at 10
K/min. Each sample thickness was normalized to that corresponds to 323 K. The dashed
line represents linear fit to the super-cooled liquid region (318 K-323 K) of all thicknesses.
Every 1 out of the 3 measured data points was shown for clarity. Inset shows cosh fitting
to a 3000 nm film to determine Tg .
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determined as 3.61 × 10−4 and 1.34 × 10−4 by averaging the slopes of linear fits. Tg of each
cooling curve is determined by cosh fitting. First, thickness vs. temperature is fitted to
equation 6.1.

h(T ) = w(

T − Tg
M −G
M +G
)ln(cosh(
)) + (T − Tg )(
)+c
2
w
2

(6.1)

Where M and G are the expansion coefficients corresponding to the SCL and glass regimes
respectively, w is the width of transition and c is the thickness of the film at Tg . Overall, w,
Tg and c are three fitting parameters, and M and G are fixed at constant values as mentioned
above for consistency. As film thickness decreases, the corresponding glass falls out-ofequlibrium at a lower temperature as an indication of average relaxation time becomes
slower than the rate of temperature change. This is a result of a more liquid-like behavior
due to the fast portion (near-free surface) of the film becomes dominant. Such observation is
consistent with supported ultra-thin films made of other types of material, where decreasing
thickness causes a faster average dynamic within the film. However, the onset of change
in Tg starts from 370 nm instead of 40 nm in organic molecular and 60 nm in polymeric
glasses.
When decreasing cooling rate, SCL falls out-of-equilibrium to form a glass at a lower temperature. Such connection is conveniently used to estimate the relaxation time as a function
of temperature of SCL. Figure 54a verifies this trend by showing that a 3000 nm a-Se glass
formed by cooling at the slowest rate (1 K/min) obtains the highest density (lowest thickness). An intriguing phenomenon is found when cooling thin films (h<370 nm) slowly (
example of h=150 nm shown in Figure 54b). For these films cooled at 1 K/min and 3
K/min, the SCL lines deviate and yield below the equilibrium SCL line of the bulk films.
Control experiments were done on thin films first glassified by cooling at 1 K/min shows
that the bulk SCL slope is recoverable using a fast cooling rate afterward, i.e. 10 K/min
(Figure 55). After a thin film was cooled by 1 K/min, a subsequent heating ramp using
10 K/min shows a fictive temperature matches the Tg fitted using bulk glass and SCL ex-
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Figure 54: Ellipsometric CR-Tg measurement was performed with a long-pass filter on
h=3000 nm (a) and h=150 nm (b) vapor-deposited a-Se films. Various cooling rates range
from 60 K/min to 1 K/min were used. Normalized thicknesses are plotted as a function of
temperature. The super-cooled liquid (SCL) line (dashed) is fitted as described in Figure
36. (c) Tg of h=150nm a-Se film cooled at 1K/min determined by the intersection of glass
line and the bulk SCL (black dashed) or its own SCL (cyan dashed).
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Figure 55: 200 nm a-Se film first cooled from 323 K to 283 K by 10 K/min (black), heated
to 323 K for 1 minute, then cooled by 1 K/min (grey). Followed by heating to 323 K/min
and holding for 1 minute, then cooled by 10 K/min (blue). Only cooling curves are shown
in this plot for clarity.
pansion coefficients on the previous 1 K/min cooling ramp (Figure 55). As such, the above
evidence shows that the higher thin SCL slope is not a sign of film changing composition.
We consider the following possibilities to account for this observation. 1. The normalization
to T=323 K may be inaccurate due to the possible broadening of the Tg transitions, i.e.,
the onset of transition during cooling starts at a temperature higher than 323 K. However,
increasing the holding temperature caused instability such as dewetting of the thin films.
2. Aging at high temperature may occur assuming the onset of transition is higher than
323 K. Thus the slow portion (near-substrate) of the film may already start to age at
those temperatures after fallen out-of-equilibrium. Sometimes changing in the expansion
coefficients can also be a result as strong substrate interaction. However given that all
thin film with low cooling rate recovers the bulk glass expansion coefficient, this is unlikely.
Figure 54c shows the Tg analysis of the same 150 nm film cooled at 1 K/min. Tg fitted by
each SCL shows a difference of 3-8 K and we take consideration of this discrepancy in our
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Figure 56: Normalized thickness as a function of 3000 nm film measured with a filter (a)
and no filter (b), 150 nm film measured with a filter (c) and no filter (d) using six cooling
rates from 60 K/min to 1 K/min. Dashed lines represent bulk SCL line.
analysis. Interesting to note here, we also compared a-Se film with each thickness measured
with the filter and without the filter (Figure 56). Such deviation from bulk SCL line in
slow-cooled thin films does not exist in films measured without the filter. We hypothesize
that light activation below the band-gap of a-Se may enhance the overall film dynamics
and/or decelerate aging rate. This topic will be studied in the near future.
Using the empirical relationships of a cooling rate of 10 K/min corresponds to τ =100 s
and τ × CR=1000, Figure 57 shows the Arrhenius relationship between log(CR) (-ln(τ )) as
a function of inverse Tg for each film. Open symbols represent Tg fitted from using bulk
SCL and glass expansion coefficients because cosh fitting provides less reliable fits. Within
the temperature of measurements, a good agreement between creep viscosity measurement
on bulk a-Se and CR-Tg on 3000 nm film shows that 3000 nm a-Se is already bulk-like.
Comparing across different film thicknesses, we can clearly see 1. Tg corresponds to each
cooling rate becomes lower for thinner film, and 2. the slope of each curve, which represents
Ea for rearrangement, has a strong thickness dependence.
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Figure 57: Log of cooling rate (Log of τ ) as a function of 1000/Tg for a-Se films with
thicknesses range from 50nm to 3000nm. τ is estimated from cooling rate by assuming 10
K/min corresponds to τ =100s. Creep viscosity measurement (black closed symbol) on bulk
a-Se is taken from Ref. by assuming a relaxation time of 100s corresponds to a viscosity of
1011 g/(cm·s) without further adjustment. Due to the deviation of super-cooled liquid slope
from the bulk value, Tg s represented by colored open symbols are fitted using the common
bulk SCL line.

Figure 58: Apparent activation energy (Ea) as a function of film thickness. Black closed
symbols are values derived from slopes in Figure 57. Diamonds represent the Ea estimated
by interpreting Tg using the intersection of 1 K/min SCL slope and glass line. Yellow shades
and cyan dashed line are guides to the eye.
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Figure 58 shows the apparent activation energy (Ea) as a function of film thickness. Due to
a small range of cooling rates accessed here, instead of Vogel-Tammann-Fulcher equation,
Ea was calculated using Arrhenius relationship τ = τ0 exp( Ea
kT ), where k is the Boltzmann
constant.[52, 62, 61, 109, 228] a-Se films with thicknesses range from 525 to 3000 nm behave
bulk-like with a relatively constant Ea around 450 ± 20 kJ/mol. Ea decreases gradually for
200 nm<h <500 nm films from 450 kJ/mol to 250 kJ/mol. Eventually, a-Se films thinner
than 200 nm has a much lower Ea (230±15 kJ/mol) compared to that of the bulk. If we were
to assume the SCL equilibrium line for thin films (h<370 nm) is the slope corresponds to
the slowest cooling rate (1 K/min) of each film, the interpreted Ea is displayed in diamond
open symbol and follows the cyan dashed line. Nevertheless, changing the SCL equilibrium
line does not affect the onset thickness corresponds to the initial Ea decrease, but may affect
the absolute value of Ea. We also analyzed the thermal expansion coefficient of SCLs under
the assumption that SCL slope is dependent on thickness in Figure 59, and the result shows
a same onset thickness-dependency.
A comparison between Ea analyzed on a-Se films measured with and without long-pass filter
is presented in Figure 60. In the thin film regime (h<370 nm), the apparent Ea for both sets
show similar values. However, in the bulk regime (h>500 nm), the apparent Ea calculated
for experiments without a filter shows a lower value. We interpret this observation as the
enhanced dynamics in bulk films due to activation below a-Se band gap. The absolute CR
vs. Tg is presented in Figure 61.
Amorphous selenium tend to form long, dynamic chains or rings, and therefore it is often considered to behave similarly to low molecular-weight polymer. Compare to Ea of
bulk polystyrene (900 kJ/mol) and 50/50 polystyrene/poly(p-phenylene oxide) blends (1300
kJ/mol) films, Ea of bulk a-Se is much lower which implies a lower fragility.
CR-Tg studies on polymeric films [62, 61] and organic small molecular films [228] have all
shown a similar non-monotonic Ea trend when going from bulk to ultra-thin films. However,
the thickness corresponds to the mid-point of transition for polymeric and molecular films
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Figure 59: Thermal expansion coefficients of individual SCL (315 K-323 K) as a function of
film thickness analyzed cooling rate equals to 60 K/min (a), 30 K/min (b), 10 K/min (c),
7 K/min (d), 3 K/min (e) and 1 K/min (f). The 1 K/min expansion coefficient shows an
onset of increasing for films of 370 nm.
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Figure 60: Apparent activation barrier as a function of film thickness for experiments done
with a filter (solid) and no filter (open). The shapes of the glass to liqui-like transition
remain the same.
studied to date have all shown a similar value of 30 nm; where for a-Se this value is 400 nm.
Such long length-scale suggested a much stronger or longer-ranged free-surface activated
dynamics (Figure 62). Thin films of a-Se were studied recently using nano-bubble inflation
technique by Yoon and McKenna.[220] They observed that for film thickness up to 267 nm,
ruber-like plateau shows thickness dependent, however the macroscopic dynamic behavior is
not recovered even for the thickest film. This observation is consistent with our experimental
results here. We hypothesis such long range of correlated-dynamics is due to the higher
density (4.81 g/cm3 ) and network nature of a-Se. Whether this unexpectedly large depth
of the free surface effect is a characteristic of all network glasses, or solely exists in a-Se
system will require further extensive study.

6.5. Summary and Outlook
In this chapter, we examined the apparent activation barrier for rearrangement in a-Se
films with thicknesses ranging from 50 nm to 3000nm. Due to an existence of free surface,
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Figure 61: Comparison between CR-Tg experiments done with a filter (solid) vs. no filter
(open) for 6 pair of film thicknesses.
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Figure 62: Comparison among Ea calculated from CR-Tg experiments done in a-Se (black),
polystyrene (2240 kg/mol, grey) and TPD (structure shown in inset, green). The mid-point
of bulk to liquid-like transition for PS and TPD is around 30 nm, where for a-Se is 400 nm.
there exists a transition from bulk-like to liquid-like in a-Se films similar to that in organic
molecular glasses and polymeric glasses. However, the mid-point of the transition in a-Se is
400nm, which is one order of magnitude higher than that of organic molecular glasses and
polymeric glasses (30 nm). We hypothesize such exceptional long correlation length-scale
is due to the high density and network nature of a-Se.
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CHAPTER 7 : Enhanced Stability in Amorphous Selenium Achieved by Physical
Vapor Deposition and Aging
7.1. Abstract
In this chapter, I will discuss the enhanced stability in amorphous selenium (a-Se) films
achieved by physical vapor deposition (PVD), aging, and a combination of both. Like
organic molecular stable glasses studied in the previous Chapters, PVD a-Se show an increased density, decreased fictive temperature, and birefringence compared with the liquidquenched counterparts. However, the maximum degree of density gained in 600 nm PVD
a-Se (∼0.44%) is much lower than that in organic stable glasses (∼1.50%). We hypothesize
this suppression is because of the low surface mobility, network nature or the long-range
propagation of a free surface into the a-Se films.
Aging experiments were performed on ordinary a-Se films to provide a comparison. The
film density increase reached and plateaued at ∼0.28% after 24 hrs, and further aging up
to 100 hrs do not show changes. Thus, the observed ∼0.44% density gain is not solely
originate from aging. We also found that the densities of both stable and ordinary a-Se
show strong time dependence. Very surprisingly, stable a-Se deposited at 0.87 Tg which
measured a density increase ∼0.44% 1 hr after the deposition, can be further aged beyond
the equilibrium super-cooled liquid density. Its density reached ∼1.10% after 120 hrs of
aging at 296 K. This may be a first evidence that stable glass produced by PVD can access a
distinct potential energy landscape that was previously hidden from liquid-quenched glasses.
We cautiously state that this data is preliminary and further experiments will be repeated
to ensure the observation.
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7.2. Experimental Method
7.2.1. Physical Vapor Deposition of a-Se Stable Glass
Physical vapor deposition was used to produce a-Se stable glass in a custom high vacuum
chamber with a base pressure ∼ 2×10−7 Torr. RCA cleaned Si (100) with 1 nm native oxide
layer was used as substrates and cut into 1cm ×1cm squares. The substrates were adhered on
a copper block inside of the vacuum chamber using vacuum grease vacuum grease (Apiezon
H). The copper block is in thermal contact with an aluminum flange, and the temperature
of the aluminum flange was controlled by an external thermoelectric temperature control
setup. Se pellets were loaded in a crucible and placed inside of a heating basket. Deposition
rate was controlled as 0.20±0.03 nm/s and monitored by a quartz crystal microbalance
(Inficon STM-2). a-Se stable glasses were deposited at three temperatures (Tdep scaled to
bulk Tg = 306 K), 0.87 Tg (266 K), 0.90 Tg (277 K) and 0.95 Tg (292 K). After deposition,
the films were removed for an immediate measurement within 1 hour. Note that we keep
the films dark in an aluminum foil-covered petri dish during transportation in between
instruments.
7.2.2. Optical Property of a-Se Fitted by Ellipsometry
Spectroscopic ellipsometer (J.A. Woolam spectroscopic ellipsometer M-2000V) was used to
measure a-Se optical constants in the wavelength range between 370-1600 nm. The changes
in amplitude and phase upon reflection were measured as ellipsometric angles Ψ(λ) and
∆(λ) (Figure 63). Since a-Se is transparent in the wavelength range 1000-1600nm, Cauchy
isotropic model was first used to calculate thickness described by equation 7.1.

n(λ) = A +

B
λ2

(7.1)

The overall fitting model consists of four layers, substrate Si(100), native oxide layer (1nm),
Cauchy layer, and roughness layer (1nm) from bottom to top. Three fit parameters, A,
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Figure 63: Ellipsometric angles Ψ(λ) (red) and ∆(λ) (blue) of 600 nm stable amorphous
selenium deposited at 0.87 Tg (266 K). Dashed lines represent the anisotropic general oscillator fitting (Gen-Osc) to the dielectric constants e1 and e2. Measurements were performed
at 45◦ -70◦ at 5◦ increment.
B and thickness were used. After the thickness of the film is determined by Cauchy, the
thickness is kept constant for further fittings to optical properties at lower wavelengths.
Two Tauc-Lorentz oscillators were used to fit to the broad absorption of a-Se below its band
gap (2 ev). Both oscillators are shown in grey in Figure 64(top). Fitted dielectric constants
e1 and e2 of a-Se are shown in black. We also compared the fitted e1 and e2 values to which
reported in literature,[102] and they show close matches (Figure 64(middle) and bottom).
Figure 65 shows dielectric constants e1 and e2 of a-Se films with varying thicknesses ranging
from 50 nm to 3000 nm. For stable glasses of a-Se, uniaxial anisotropic model was used to
describe the differences between xy and z direction (Figure 66).
7.2.3. Ellipsometry Measurements on Thickness
Spectroscopic ellipsometer (J.A. Woolam spectroscopic ellipsometer M-2000V) was used to
measure film thickness and optical properties of a-Se. For thickness measurement, we used
Cauchy isotropic model in the wavelength range 1000 nm-1600 nm because the a-Se films
are transparent in this region. Since the wavelength range is narrow, adding the anisotropic
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Figure 64: Top: Dielectric constants e1 (black solid) and e2 (black dashed) of 600 nm
ordinary a-Se fitted by Gen-Osc. The two Tauc-Lorentz oscillators used for fitting is shown
in grey. Middle: Fitted e1 of ordinary a-Se in this study (black dashed) compared to e1
of a-Se measured in Ref. [102] (purple). Bottom: Fitted e2 of ordinary a-Se in this study
(black dashed) compared to e2 of a-Se measured in Ref. [102] (purple).
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Figure 65: e1 (solid) and e2 (dashed) of a-Se ordinary glass with varying thicknesses.
fitting parameter will over-fit the data and cause unphysical results. The Cauchy model is
described by equation 7.1. A heating stage (Linkam THMS600) was used to control the
temperature of a-Se films in-situ. Ordinary (liquid-quenched) a-Se films were prepared by
first heating the stable glass to 323 K, holding until transformation was complete and cooling
from 323 K to 293 K at 10 K/min. A demonstration of transformation is presented in Figure
67. Dry nitrogen was flown across the samples while transformations were happening.
7.2.4. Aging Measurement
Ordinary a-Se glasses in-situ aging experiments were done at various temperatures ranging
from 313 K to 283 K on the heating stage (Linkam THMSEL350V, 77 K to 623 K) underneath the ellipsometer. A home-built lid with long-pass filters (1000 nm) was used to
prevent light excitation below band gap. Dry nitrogen was flown across the sample constantly during the whole time of aging. Film thickness was fitted using Cauchy isotropic
model and recorded every second for the duration of 100 mins of aging at each temperature.
A normalized thickness vs. time plot is shown in Figure 68 for a 1000 nm a-Se OG. The
aging rate (β) at each temperature is determined by the slope of normalized thickness h/h0
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Figure 66: Top: e1xy (green) and e1z (orange) of 600 nm a-Se deposited at 0.87 Tg . Bottom:
e2xy (green) and e2z (orange) of 600 nm a-Se deposited at 0.87 Tg .
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Figure 67: The as-deposited Tdep =0.87 Tg a-Se was first heated to 323 K. The initial
increase in thickness corresponds to thermal expansion of the SG until temperature reached
315 K, which is 9 K higher than Tg . Then the SG starts to transform into super-cooled
liquid (SCL), and the transformation is completed as indicated by a constant thickness at
323 K. Subsequent cooling at 10 K/min brings the SCL back to OG state. Tg is measured as
306 K during cooling. Fictive temperature (288 K) is calculated by reading the intersection
of SCL and SG lines. Open symbols represent unreliable fittings during transformation
possible due to a growth front.
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Figure 68: In-situ aging of 1000 nm a-Se ordinary glass at 10 different temperatures ranging
from 313 K to 283 K. Normalized thicknesses after 1 min of aging are used to calculate aging
rate.
vs. log(time) (equation 7.2).[147]

β=−

1 dh
h0 d(logt)

(7.2)

Where h0 corresponds to the film thickness at aging time of 1 min, h is the film thickness
and t is the aging time in min.
Stable a-Se glasses aging experiments were done in the aluminum foil covered petri dish at
room temperature (296 K±1 K) in a dry box. Aging was performed on SG a-Se of 600 nm,
deposited at two different temperatures 0.87 and 0.90 Tg . After 24, 48, 72, 96 and 120 hrs,
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Figure 69: Aging experiments of as-deposited 600 nm Tdep =0.87 Tg a-Se at room temperature (296 K±1 K). Aging times were 1hr (red), 24 hrs (orange) and 120 hrs (green). After
the aging time, the sample was removed for immediate ellipsometry measurements using 10
K/min heating and cooling rates to transform to ordinary glass. Fictive temperatures and
density change for each aging time was calculated form the plot. Open symbols represent
thickness with unreliable single layer fits during transformation.
the samples were removed for immediate ellipsometry measurement. The procedure is the
same as characterizing SG a-Se as shown in Figure 67. An example of 600 nm Tdep =0.87
Tg a-Se aging characterization is shown in Figure 69.

7.3. Results and Discussion
7.3.1. Stability in Physical Vapor Deposited a-Se
Figure 70Top shows the characterization of stability in PVD a-Se using ellipsometric dilatometry measurements. 600 nm a-Se films were physical vapor deposited at three different
temperatures, Tdep =0.87, 0.90 and 0.95 Tg . Both heating and cooling rates for all samples
were 10 K/min. The glass transition temperature Tg measured upon cooling matches the
differential scanning calorimetry (DSC) Tg . The good overlaps among cooling curves for all
three transformed glasses indicate the OGs are the same within experimental errors. When
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compare all three SGs with the common OG state, the density increases were evaluated
and presented in Figure 70Bottom. For all three deposition temperatures studied here,
a-Se formed stable glasses (SG) as indicated by the lower initial thicknesses compared with
the final transformed thicknesses. They also show high kinetic stabilities as the SGs resist
to transform until temperature is raised to few degrees above Tg . The maximum density
increase reached in a-Se SGs measured 1 hr after each deposition was ∼0.45%.
We recall that the maximum increased density in small molecular SGs is reached around
Tdep = 0.80-0.85 Tg with a ∆ρ ∼1.5%.[110, 32] To compare the two types of SG formers
and to rationalize the difference, we plot both the percent change in density in 600 nm
a-Se SGs and 200 nm α, α, β-TNB SGs[110] deposited at different Tdep s (Figure 71). Note
that we cannot make a direct comparison of 200 nm a-Se SG to α, α, β-TNB SGs with the
same thickness, because 200 nm a-Se still shows liquid-like behavior rather than bulk as
discussed in the previous chapter. The dashed lines in Figure 71 represent the extrapolated
super-cooled liquid (SCL) lines of each material. This eq line is calculated by assuming the
density increase is 0 at Tdep =Tg , and connecting this point to the density change between
SCL and OG at 296 K.[31, 110] All Tdep s are scaled to each material’s bulk Tg , 306 K for
a-Se and 343 K for α, α, β-TNB.
The enhanced density in glasses deposited at temperatures below Tg has been discussed
as a result of surface-mediated equilibration (SME). During deposition, before the layer
of molecules/atoms being buried by the incoming flux, surface mobility helps the current
layer to equilibrate and configure into a lower energy state. Overall, SME aids to form a
higher-density glass, and the glass property is controlled by both deposition temperature
and rate. In α, α, β-TNB ∆ρ as a function of Tdep /Tg curve, we see three different regimes.
The increased density in SG is close to equilibrium density at high Tdep (∼0.95 Tg ). When
decreasing Tdep to ∼0.85 Tg , the density of SG increases due to a larger thermodynamic
driving force between the glass and equilibrium SCL states. Further lowering the Tdep in
α, α, β-TNB SG does not enhance the density more. This is attributed to the low sur-
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Figure 70: Top: Temperature ramp of 600 nm stable glasses a-Se transformation into
ordinary glasses. The three stable glasses were deposited at Tdep =0.87 (black), 0.90 (red)
and 0.95 (blue) Tg . Bottom: Density increase of 600 nm SG a-Se as a function of deposition
temperature.
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face mobility/kinetic trapping in the glassy system at low temperature.[110] Many organic
molecular SGs studied to date also show a similar trend in ∆ρ.[32, 31, 33, 110] However,
a-Se SGs deposited in this study using similar deposition conditions show very different
results. First, due to a low thermal expansion coefficient of its SCL line (3.61×10−4 /K)
and a relatively low Tg , the equilibrium density of a-Se at each Tdep /Tg is much lower than
that of the organic molecules. Therefore, at each Tdep /Tg , the thermodynamic driving
force for a-Se to achieve a denser packing by SME is smaller than that of α, α, β-TNB. At
Tdep ∼0.95 Tg , a-Se SG has the equilibrium density. Lowering the Tdep also increases the
density. However, for the lowest deposition temperature accessible by our instrument setup
(266 K), ∆ρ in a-Se 600 nm only achieved 0.44%, which is much lower as compared with
the α, α, β-TNB deposited at 0.87 Tg (1.50%).
The low equilibrium density of a-Se certainly accounts for one reason to cause a lower
enhanced density. Other factors, such as the surface mobility, aging rate, deposition temperatures may also participate in this observation. The surface mobility of a-Se is unknown,
and it can serve as a key during the SME process to determine final SG’s stability.[110, 196]
In the future, direct measurement of surface mobility will be performed on a-Se to help
elucidate this factor. There have been ongoing hypothesis that possible aging during deposition can also aid to the SG formation. We explore both ordinary and stable a-Se aging in
the next sections. In addition, depositions of a-Se at lower temperatures in the future can
also help to verify whether the density gain follows a similar three-regime trend.
7.3.2. Birefringence in Physical Vapor Deposited a-Se
In-plane (nxy ) and out-of-plane (nz ) indices of refraction of as-deposited and transformed aSe films were simultaneously measured by ellipsometry in the wavelength range of 370-1600
nm (Figure 72Top). For all deposition temperatures studied here, nxy is higher than nz in
SGs, which results in a negative birefringence (Figure 72Bottom). In many small organic
molecular glasses, negative birefringence indicates preferential horizontal orientation of the
molecule with respect to the substrate.[215, 216, 33] Since a-Se is able to adopt chain
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Figure 71: Percent change in densities upon transformation in a-Se (blue) and α, α, βTNB (black) stable glasses as a function of Tdep /Tg . Dashed lines are equilibrium lines of
corresponding SCL for each system. The derivation of the equilibrium lines is described in
the text.
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structures, it is possible that the mostly in-plane orientation of the chains contribute to the
higher index nxy .
nxy also remains relatively constant for all Tdep . The trend in ∆n vs. Tdep very much
resemble that in nz vs. Tdep . Therefore, the birefringence in a-Se stable glass mostly comes
from the change in nz when lowering Tdep . This observation is consistent with our previous
results in α, α-A SGs, where nxy also remains relatively constant and nz changes significantly
with changing Tdep . However, we do not observe a similar trend in nz and density increase,
and nz also decreases with decreasing Tdep here. Thus, anisotropic packing geometry may
not be the major contributor to the observed birefringence in a-Se SGs. Due to the nature
of a-Se formation, such that short fragments of Se are evaporated first and polymerize by
diffusing on the substrate, birefringence in a-Se may also reflect this different glass forming
mechanism. Future in-situ ellipsometry during deposition is needed to verify this hypothesis.
7.3.3. Aging of Ordinary a-Se Films
The effect of film thickness and aging temperature on the aging rates in a-Se films on
supported Si(100) with native oxide layer is presented in Figure 73. a-Se ordinary glass
with three different thicknesses, 350 nm, 1000 nm and 3000 nm were studied here. For
these three thicknesses, we see that the aging rates above 303 K (Tg bulk=306 K) of all
thicknesses are similar within error bars. Once the aging temperature lowers below 303 K,
for thinner films, the aging rate at each temperature is slower than the thicker films. That
is, for the duration of 100 mins aging time, the percentage of thickness change is less in
the 350 nm film compared with the 3000 nm film. This trend in film thickness aging rate
is consistent with what have been observed in polystyrene.[147] One important notice is
that, for all films, maximum aging rate always shows around 293 K, which is close to room
temperature. Therefore, for all a-Se measurements, time should also be taken into account.
In previous chapter we also observed a mid-point of glass to liquid-like transition in a-Se is
around 400 nm. Thus 350 nm is near this mid-point where the bulk glass and free surface
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Figure 72: Top: nxy (green) and nz (orange) of a-Se as-deposited SGs (solid) and transformed OGs (open) at different Tdep . Bottom: ∆n=nz -nxy of a-Se as-deposited SGs (solid)
and transformed OGs (open) at different Tdep

164

Figure 73: In-situ aging experiments were performed on a-Se ordinary glasses with thicknesses of 350 nm (grey), 1000 nm (orange) and 3000 nm (red). Temperatures range from
283 K to 313 K. Rates were calculated according to equation 7.2. Two trails of aging were
done on each film thickness at each temperature. The values shown are the average, and
error bar marks the difference between both trails. Solid lines are guides to the eyes.
both affect the glass property. We see from Figure 73 that the aging rate does not simply
correspond to a Tg shift. Furthermore, 1000 nm a-Se in our study already shows a bulk-like
behavior, but its aging rate at temperatures below 303 K are also reduced as compared
with 3000 nm a-Se film. Further studies on the free surface of a-Se and its depth-dependent
gradient in dynamics need to be performed to elucidate this aging trend.
7.3.4. Aging in Stable a-Se
The motivation of this section comes from the initial attempt to produce a-Se SGs with
different thicknesses (Figure 74). Since a-Se has a much longer dynamical correlation lengthscale (400 nm) as compared with the organic glasses (30 nm), we deposited a-Se in the
thickness range of 100 nm-3000 nm to test the influence of thickness on stability. All SGs
presented in Figure 74 were deposited ∼0.87 bulk Tg using rates 0.20-0.25 nm/s. The density
change in as-deposited and transformed glass is used as a characterization of stability.
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For all a-Se glasses presented in Figure 74, transformation into SCL do not start until
temperature exceeds Tg . Thus, when depositing at ∼0.87 bulk Tg , 100 nm-3000 nm a-Se
glasses all show SG behavior. Tg of transformed glasses were also measured upon cooling
using 10 K/min. Because of the long correlation length-scale in a-Se, we observe a Tg
difference in OGs with different thicknesses, but their values match what was reported in
the previous chapter. To evaluate ∆ρ, we take the difference in thicknesses between SG
and OG of each thickness at 296 K, and calculate a percentage of change compared with
the OG thickness.
Figure 74Bottom shows the ∆ρ as a function of film thickness. All samples presented in this
plot were measured within 24 hrs after deposition. Very interestingly, ∆ρ stays relatively
constant for SGs with thicknesses less than 600 nm. For 1000 and 3000 nm a-Se SGs,
the ∆ρ increases with thickness. Also, in the SG thickness range between 100 nm to 600
nm, the density fluctuation is time sensitive. We have tested the a-Se OGs aging rate in
the previous section, and aging rate is faster for thick films at all temperatures. Although
the deposition temperature here is much lower than the temperatures accessible to the
aging experiment, aging may still happen during the process of deposition. Especially, the
deposition time for 3000 nm film (∼250 mins) is five times longer than the 600 nm film (∼50
mins). Whether aging is a dominant factor in the observed density vs. thickness trend is
an important question. There have been ongoing discussions regarding SG’s true nature
and whether it share the same potential energy landscape accessible to aged liquid-quenched
glasses. To date, there has no direct evidence of aging during PVD in organic stable glasses.
For stable organic glasses, such as α, α, β-TNB, 200 nm SG and 500 nm SG show similar
density increase when depositing at the same temperature.[110, 32] Moreover, organic SG
properties do not show signs of aging and may remain unchanged for months. Stable glass
aging may indicate that amorphous state produced by PVD may access another equilibrium
state that is different from the one accessed through liquid-quenching.
The above observation in a-Se gives us an incentive to proceed with aging in stable a-Se
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Figure 74: Top:Transformation of a-Se SGs with different thicknesses to OG. All SGs presented in this plot were deposited at 0.87 bulk Tg (266-268 K). Dashed lines are linear fits
to SCL and common OG lines. Bottom: ∆ρ as a function of a-Se thickness. Solid symbol represents ∆ρ characterized within 1 hr after deposition. Open symbol represents ∆ρ
characterized ∼24 hr after deposition.
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to test this concept. To test whether aging will happen on SGs of a-Se, we performed
ex-situ aging experiments on 600 nm stable glasses of a-Se deposited at 0.87 and 0.90 Tg
under room temperature (296 ±1 K). Same aging procedures were also repeated on OG
of a-Se to provide a comparison. Most samples were aged in a dry box in aluminum foil
covered petri dish to avoid light activation. Measurement using ellipsometer is performed
immediately upon removal of sample from the dry box. The only exception was the 120 hrs
aging experiment on 600 nm SG a-Se deposited at 0.87 Tg . This aging trial was done in
the custom vacuum chamber with a base pressure of 2×10−7 Torr at 296 K.
Figure 75Top shows the percentage in density increased of each aged OG and SG first
deposited at 0.87 and 0.90 Tg . The density increase is compared to the liquid-quenched
OG line, and a reference point on this plot is the OG aged for 0 hr. Due to the set up
of experimental instruments, we are only able to perform measurements 1 hr after the
deposition. Thus, for SG aging experiments, the first data points are always SG aged at
least for 1hr. A set of aging times, 0, 1, 24, 48, 72, 96 and 120 hrs after deposition (liquidquenching) was chosen. For OG, the density increase reached 0.28% after the first 24 hrs
of aging. Further aging to 96 hrs do not increase the density more. Aging in SG of a-Se
is different. For SG deposited at 0.90 Tg , the glass density does not change during the 72
hrs of aging. The final enhanced density in aged SG 0.90 Tg and OG after 24 hrs become
the same within error bar, and this is an indication that both glasses moved toward and
reached equilibrium SCL density. Most interestingly here, for SG deposited at 0.87 Tg ,
aging under room temperature for 120 hrs increase the density up to 1.1%. This is a first
sign of SG may possess a different equilibrium state than OGs. The aging condition for this
120 hrs experiment is different from others, and we carefully state that this result needs to
be repeated to ensure.
Figure 75Bottom shows the fictive temperature (Tf ) of each aged OG and SG first deposited
at 0.87 and 0.90 Tg . Tf is chosen as a measure of glass stability. It is evaluated as the
corresponding temperature at the intersection of SCL line and the glass line. The lower the
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Tf signifies higher stability. The Tf confirms that aging enhanced stability in OG and SG
deposited at 0.87 Tg .
If we were to calculate the relative position of each aged glass on the energy diagram,
we convert the density increase to the normalized thickness by referencing to the liquidquenched OG at each temperature. Normalized thickness as a function of temperature is
shown in grey for a liquid-quenched OG in Figure 76 as a reference. The dashed grey line
is the extrapolated SCL line. Blue points on Figure 76 demonstrates the aging of OG a-Se
at room temperature. First, before aging, the position of OG resides on the grey OG line.
After 24 hrs of aging, the position of OG moved towards the extrapolated SCL equilibrium
and further aging up to 96 hrs do not change it any more. The aging of OG here shows
that the thermodynamic driving force created by the energy difference between the out-ofequilibrium glass and equilibrium SCL is able to lower the position of OG to equilibrium
after 24 hrs at 296 K. SG a-Se first deposited at 0.90 Tg (277 K) however showed a different
trend. After deposition, the SG was first warmed up to room temperature (296 K) and
removed from the vacuum chamber. We found that when depositing at 0.90 Tg , the SG
density already reached the SCL density at 296 K. Therefore, raising its temperature from
Tdep to room temperature do not change its energy state. Additional aging up to 72 hrs
do not change the position of SG any more. For this SG deposited at 0.90 Tg , we conclude
that the PVD process enhanced the density during deposition, and aging do not further aid
to the density increase.
Interesting phenomenon is seen during aging of an a-Se SG deposited 0.87 Tg (266 K). When
warming up this SG to 296 K, the resulted density of SG resides lower than the equilibrium
density of SCL at this temperature. If we were to assume the SG and OG share the same
potential energy landscape, we would expect that aging will raise the position of this SG to
eventually meet the equilibrium line. However, aging at 296 K for 24 hrs and 72 hrs slightly
lowered the position of SG. After 120 hrs of aging, the position of SG moves toward the
opposite of SCL and the density of this SG is significantly enhanced. This result suggests
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Figure 75: Top: Percentage in density increase as a function of aging time for 600 nm stable
a-Se glasses. Bottom: Fictive temperature (Tf ) of the same a-Se glasses presented in top
panel as a function of aging time. SGs in this figure were deposited at 0.87 (black) and 0.90
Tg (red). OGs (blue) are the transformed SG.
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Figure 76: 600 nm Liquid-quenched OG a-Se is shown in grey. Dashed line represents
equilibrium SCL. The normalized thickness of each 600 nm aged SG deposited at 0.87
Tg (black), 0.90 Tg (red) and OG (blue) are shown as data point at its corresponding
deposition/aging temperature.
the possibility of PVD to create SG that possess a different energy landscape compared
with the OG. We note that these experiments need to be repeated to determine error bars
and to draw a clear conclusion.

7.4. Summary
To the best of our knowledge, a-Se is the first inorganic material that has been made
into SGs. The preliminary studies presented in this section extend the ”universality” of
stable glass formation to another category of material. However, we hypothesis that due to
different intermolecular interaction and density, the maximum enhanced density in physical
vapor deposited stable glass of a-Se is much lower compared with organic molecular glasses.
Unlike organic stable glasses, the stability of a-Se stable glasses show in this study also
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display a thickness dependent. We attribute this dependency to the potential aging happens
during deposition. Interestingly, although aging has not been seen in stable glasses made
of organic molecules, it is shown in the physical vapor deposited a-Se. Further control
experiments will be performed to verify if stable a-Se possess a different potential energy
landscape than the liquid-quench a-Se.
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